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ABSTRACT
Hydrated vanadium(II) salts have previously been 
prepared by electrochemical reduction of the corresponding 
vanadyl(IV) salts, and [V(H20)6]S04, [VC12(H20)4] and 
[V(H20)6]Br2 were prepared in this way. In a search for 
more convenient methods, a brief report that pure vanadium 
powder will dissolve in aqueous HC1, HBr, HI, HBF4 or H2S04 
to give vanadium(II) salts was re-investigated. It was 
confirmed that [VC12(H20)4], [V(H20)6]Br2 and [V(H20)6] (BF4)2 
could be obtained, but not the iodide or the sulphate.
The new compound [V(H20)6] (CF3S03)2 was similarly prepared 
from vanadium and trifluoromethanesulphonic acid. X-ray 
analysis of [V(H206] (CF3S03 )2 has shown that the cations are 
regular octahedra and are extensively hydrogen-bonded to 
the anions throughout the lattice.
Vanadium metal has also been shown to react with HX 
gas (X = Cl or Br) dissolved in acetic acid, formic acid 
and methanol. The novel vanadium(II) complexes containing 
coordinated acetic acid [VCl2(CH3COOH)4] and 
[V(CH3COOH)6]Br2 have been isolated from acetic acid, and 
X-ray analysis reveals that the acetic acid is coordinated 
through the carbonyl oxygen and not through the hydroxyl 
oxygen. There is considerable intramolecular hydrogen- 
bonding in trans-[VCl2(CH3COOH)4] and intermolecular 
hydrogen-bonding in [V(CH3COOH)6]Br2. From formic acid and 
methanol respectively the vanadium(III) complexes
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[VCl3(HCOOH)3] and [VC13(CH30H)3] were isolated.
From reactions of the vanadium(II) halides with the 
di-tertiary phosphines 1,2-bis(dimethylphosphino)ethane 
(dmpe) or 1,2-bis(diethylphosphino)ethane (depe) the 
vanadium(II) complexes, [VX2(P)2] (X = Cl, Br or I and P = 
dmpe or depe), have been obtained. The complexes 
[VX2(dppe)2].2thf (X = Cl or Br) were isolated from 
reactions between 1,2-bis(diphenylphosphino)ethane (dppe) 
and the new starting materials [VX2(CH3OH)(thf)] (X = Cl 
or Br). No products could be isolated from dppe when 
[VC12(H20)4] or [V(H20)6]Br2 were used in the preparation. 
[VCl2(depe)2] and [VCl2(dppe)2] .2thf were examined by 
single crystal X-ray crystallography and found to have 
trans-octahedral structures.
All the vanadium(II) complexes were shown to have 
effective magnetic moments of ca 3.9^Ug independent of 
temperature, thus confirming the oxidation state.
Reactions of the vanadium(II)-ditertiary phosphine 
complexes with carbon monoxide, dinitrogen and dihydrogen 
in the presence of sodium amalgam or sodium naphthalene, 
and with chlorine and bromine were investigated. Many 
solids were isolated, unfortunately none of them could be 
characterised.
The vanadium(III) complexes [VCl3(PMe2Ph)3], 
[VBr3(PMe2Ph)3], [VC13(PEt2Ph)2], [VBr3(PEt2PH)3] and 
[VCl3(PPr2Ph)3] have been prepared from reactions between 
[VX3(thf)3] (X = Cl or Br) and the tertiary phosphine.
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CHAPTER 1
Review of Vanadium(II) Complexes and Vanadium Dinitrogen 
Fixing Systems in Protic Media
Page 9
Vanadium(II) Compounds
A comprehensive review of the coordination chemistry 
of vanadium(II) was carried out in 19861, so this
o
literature survey deals only with vanadium(II) compands 
reported since then, excluding vanadium(II)-tertiary 
phosphine complexes which are discussed in Chapter 5. 
Several reviews of dinitrogen-fixing chemical models have 
also been published2' 3' 4 and therefore only an overview of 
dinitrogen fixation by vanadium systems is given here.
A series of polypyridyl vanadium(II) compounds of 
the type [V(trpy) (bipy)LJn+ (trpy = 2, 2'; 6'2"- 
terpyridyl; bipy = 2f 2'-bipyridyl; L = Cl, H20 or CH3CN) 
(Table 1.1) has been prepared via two routes5. In the 
first route, the vanadium (III) complex [V(trpy)Cl3] is 
suspended in dichloromethane with an excess of trpy and 
Ag(CF3S03). It disproportionates into the vanadium(II) 
complex [V(trpy)2] (CF3S03)2 and a vanadium(IV) oxo species. 
Suspensions of [V(CF3S03)3] in dichloromethane with an 
excess of trpy disproportionate to give the same products. 
The second route is the reduction of [V(trpy)Cl3] and 
bipy, suspended in acetone, with zinc amalgam to give the 
vanadium(II) complex [V(trpy) (bipy)Cl]2(ZnCl4). This 
compound reacts with H20 or CH3CN to give 
[ V (trpy) (bipy) (H,0) ] < PF,) *. H20 and 
[V(trpy) (bipy) (CH,CN) ] (PF,)2.
Reaction of [VCl^lpy),] (py = pyridine) with Li(form) 
(form = N,N'-di-p-tolyformamidinate ion) affords the
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vanadium(II) complex trans-[V( form) 2(py)2]6. The V-N bond
distances to the pyridine and the formamidinato-ligands
o
are not significantly different (av. 2.187 A ) from each
other or from those in the starting compound [VCl2(py)4]
(V-N = 2.189 8 ).
Reaction of [V(H20)6]S04 with sodium saccharinate
dihydrate7 gives [V(C7H4N03S)2(H20)4] . 2H20, an air-stable
vanadium(II) complex from which, by addition of pyridine,
air-sensitive [V(C7H4N03S)2(py)4] .2py is obtained. This
complex on heating to reflux in thf yields
[V(C7H4N03S)2(py)4] .2thf. X-ray analysis of the aqua
complex reveals that the vanadium atom is octahedrally
coordinated with a symmetrical structure. The
saccharinate ligands are coordinated through a nitrogen
©
atom (V-N = 2.225^)• The two lattice water molecules form 
hydrogen bonds between molecules of the complex and this 
may explain the stability to air. [V(C7H4N03S)2(py)4] .2py 
has a similar structure although the two pyridine 
molecules do not take part in hydrogen-bonding. There is, 
however, a major difference between the structures since 
the coordination of the saccharinate ligands in the 
pyridine complex is through a carbonyl oxygen and not 
through nitrogen as in the aqua complex. It is thought 
that this difference is due to the steric effect of the 
four pyridine ligands.
The binuclear vanadium(II) complexes 
[V2(^-Cl)3(thf)6]BPh4 and [V2U-Cl)3(3-methylthf)6]BPh4 have
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Table 1.1 Vanadium(II) Complexes Isolated Since 1986
Complex Reference
[ V (trpy) jJ( CfijSOj) j 5
[V(trpy) (bipy)Cl] (ZnCl4)0.5 5
[V(trpy) (bipy) (H20) ] (CF3S03).H20 5
[V(trpy) (bipy) (H20) ] (PFJ2.H20 5
(V(trpy) (bipy) (CH3CN) ] (PF5)2 5
[V(form)2(py)j] 6
[V(C,H4NO3S)2(H2O)4].2H20 7
[V(C7H4N03S)2(py)4] .2py 7
[V(C,H4N03S)2(py)4].2thf 7
[V2(^ ,-Cl)3(thf)4]BPh4 8
[ V2 (*-Cl) 3 (3-methylthf) 4 ] BPh4 8
[V2(^ M-Br)3(thf ),]BPh4 8
[ V2 ( l -Br) 3 (3 -methy lthf) 4 ] BPh4 8
[V2C13(^-0)2(C,Hj02)4] 10
[V2(^-0)2(C,H,02),] 10
[ V2Na2 (u-0) 2 (thf) 2 (C,H,02) 4 ] 10
[VC12(TMEDA)2] 11
[ V2 ^  -N2) { (o-Me2NCH2) C4H4 > 2 (py) 2 ]. 2thf 11
been prepared by reduction of the vanadium (III) compounds 
[VCl3(thf)3] and [VCl3(3-methylthf )3], respectively, with 
AlEt2(OEt)8. The analogous bromo-complexes were prepared 
similarly. The structures resemble that of [V2(*-
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Cl)3(thf )6] (Zn2Cl6),. However, the presence of the methyl 
substituent considerably reduces the thermal disorder of 
the thf ligands, thus enabling improved crystallographic 
data to be obtained.
Other dinuclear vanadium compounds which have been 
isolated are vanadium(III)- and vanadium(II)-guaiacolato 
complexes10. The vanadium(III) complexes [V2C12 y*-0)2(G)J 
and [ V2 (|U-0) 2 (G ) 6 ] (G = C7H702) were prepared by reaction of 
[VCl3(thf)3] with sodium guaiacolate. X-ray analysis of 
[V2C12(^a-0)2(G)4] shows that the complex is dinuclear, with 
each vanadium atom octahedrally coordinated, and the 
oxygen atoms of two guaiacolate anions act as bridging 
ligands. Both vanadium(IIJ) complexes can be reduced with 
sodium sand in thf to give the vanadium(II) compound 
[V2Na2(|k-0)2(thf)2 (G )6 J, in which each vanadium atom is 
surrounded by three guaiacolate anions. Two of these act 
as bridging ligands between the vanadium atoms, whilst the 
third simultaneously acts as a bridge between the two 
vanadium atoms and as a chelating ligand to a Na atom.
The vanadium(II) compound has a magnetic moment of 
3 "' which is lower than that expected for a 3d3
oxygens permit antiferromagnetic coupling between the two 
vanadium atoms. Coupling is also thought to occur in the 
vanadium (III) complex [V2(^v-0)2(G)6] as the magnetic moment 
(2.53^) is lower than expected for a d2 system (2.8^^), 
whereas the magnetic moment for [V2C12 (*-0)2(G)J
complex This is because the two bridging
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(2.73^) is as expected.
The reaction of trans-[VC12(TMEDA)2] (TMEDA = N,N, 
N,N'-tetramethylethylenediamine) with Li[ (o-Me2NCH2)C6H4] 
in a thf/diethyl ether solution, under ambient conditions, 
results in the formation of a reddish-brown solution. On 
addition of an excess of pyridinethe colour changes to 
emerald green and deep red cystals of the vanadium(II) 
complex [V2(^-N2) { (o-Me2NCH2)C6H4}^(py)2] .2thf separate11. 
Crystallographic analysis shows that the complex is 
binuclear and composed of two identical fragments bridged 
by dinitrogen. Each vanadium atom is octahedrally 
coordinated, with a pyridine molecule cis to the ^-N2) 
ligand. The remaining four coordination sites are 
occupied by two chelating (o-Me2NCH2) C6H4” groups. The V-N
0 o
(N2) bond distances ( 1 . 8 3 3 and 1.832 A ) are short and 
thought to signify double bond character. The V- (p —N2) -V 
unit is almost linear (V-N-N = 171.6° and N-N-V = 171.3°),
o
with an elongated N-N distance (1.228 A ).
Dinitrogen Fixation by Vanadium Systems
A vanadium based nitrogenase has been recently reported12. 
Its structure is believed to be similar to that of the 
molybdenum nitrogenase3. This consists of two proteins; 
an Fe protein, and a Mo-Fe protein on which it is thought 
that dinitrogen reduction occurs. The Fe-Mo protein 
contains 2 Mo atoms and 32-34 Fe atoms, which arrange
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themselves into four Fe4S4 cubane clusters and two Fe-Mo 
cofactors, each containing 6-8 Fe atoms, 6 sulphides S2" 
and one Mo atom. The observed stoichiometry of the 
dinitrogen reduction is:
8H+ + N2 + 8e" -> 2NH3 + H2
Although the vanadium nitrogenase has only recently 
been isolated (1986), it has been known since the early 
1970's that vanadium(II) systems will reduce dinitrogen in 
protic media. The original system, obtained by Shilov, 
was a heterogeneous gel of vanadium(II) and magnesium*"(II)- 
hydroxides13, prepared by addition of alkali to a 
methanolic solution containing VC12 and MgCl2. If 
dinitrogen is then passed through this gel at 25°C and at 
1 atm, hydrazine is obtained. When the dinitrogen 
pressure is raised, then the yield of hydrazine increases. 
If the Mg:V ratio is high (approx 20:1) then at increased 
pressure, ammonia is the major product. The magnesium is 
essential to this system3, because without it the yield of 
hydrazine falls to one tenth of the original value. It is 
found that other divalent cations such as Ca**, Ba** and 
Be++ do not possess any activating action.
Shilov considers that reducing d3 metal ions would be 
most reactive towards dinitrogen14. The hydroxides of 
Cr11, Ti111, Nb111 and Ta111 also reduce dinitrogen3. However,
~ Cr11 and Ti111, being d4 and d1 respectively, require 
molybdenum for activity, whereas Nb111 and Ta111 being d2 are 
sufficiently active themselves and do not require
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molybdenum. The need for two metals is in agreement with 
the suggestion that M-N-N-M intermediates are formed. 
These data, together with those obtained from inhibition 
of dinitrogen reduction in the V(OH)2/Mg(OH)2 system by 
addition of vanadium(III) salts15, led Shilov to propose a 
mechanism involving bridging dinitrogen and four vanadium 
atoms (Scheme 1). Shilov also finds vanadium(III) 
products, the presence of which lends further support to 
this mechanism.
4H+
2V2iz + N2 -> (V2ii)-N=N-(V211) -> 4V111 (or 2V2iij) + N2H^ .
V11
n h3
Scheme 1
This mechanism is disputed by Schrauzer16'17, who 
believes that the reduction occurs as shown in Scheme 2.
HO N2 HO N H20 HO
v  \  III XV(II) -> V(-II) — 111 -> v=o + n2h2 -> n2 + h2
HO H O ^  N H O ^
V *  \ r -
NH3 <c------- N2H4 + N2
Scheme 2
The dinitrogen is first bound side-on to vanadium(II), 
reduced to diazene, and this then disproportionates to 
give dinitrogen and hydrazine (or dinitrogen and 
dihydrogen) and the hydrazine may be further reduced to 
ammonia. In support of this, Schrauzer cites the
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inhibition of hydrazine formation by allyl alcohol, for 
the reduction of which dinitrogen is necessary17. Carbon 
monoxide and cyanide ions also inhibit the system and cis 
deuteroethylene is formed from deuteroacetylene16.
Vanadium(IV) is produced in dilute systems and the rate of 
hydrazine formation shows dependence upon the square of 
dinitrogen pressure18; high dilution and pH favour 
hydrazine formation19 as might be expected if this were 
the mechanism. Schrauzer also cites kinetic isotope 
effects and contends that the vanadium(III) products found 
by Shilov may be attributed to a conproportionation18 as 
shown below:
V(II) + V(IV) -> 2V( III)
However, Shilov20 claims that the kinetic isotope effects 
contradict the mechanism proposed by Schrauzer. Also he 
finds no 15N isotope effect corresponding to the Schrauzer 
mechanism, no vanadium(IV) present, a different dependence 
of hydrazine formation than on the square of dinitrogen 
pressure, and that the reduction of allyl alcohol is 
independent of and competitive with dinitrogen 
fixation21. In short, there was no evidence for diazene, 
but much more for a direct reduction to hydrazine.
There is clearly considerable disagreement as to the 
yields and products, which are a function of reaction 
conditions not easily reproduced. The gels age with time
Page 17
and thus their properties change, which may explain some 
of the discrepancies in the observations. Regardless of 
the above disputes, the V(OH)2/Mg(OH)2 gel is one of the 
best dinitrogen-fixing systems known.
There is a homogeneous vanadium(II) system, over 
which there is no dispute, and which reduces dinitrogen to 
ammonia cleanly. Shilov22 found that vanadium(II) and 
catechol in homogeneous, alkaline solution, over a 
restricted pH range, will reduce dinitrogen to ammonia.
The reaction (1) occurs best at pH 10 with a 
vanadium(II)/catechol solution17, and the stoichiometry23 
is similar to that for fixation by nitrogenase24.
8V44 + 8H+ + N2 -> 8V3+ + 2NH3 + H2 (1)
The rate of fixation in the vanadium(II)/catechol system 
is pressure-dependent as the ammonia yields increase 
linearly with dinitrogen pressure. When no dinitrogen is 
present, the vanadium(II) is oxidised and the solvent 
(methanol/water) is reduced with the evolution of 
dihydrogen.
If a reacting solution is acid-quenched a small 
amount of hydrazine is formed, possibly from an 
intermediate reaction product.
Several vanadium(II) species have been identified in 
methanolic/aqueous solutions of catechol and VC1225. One 
species was isolated as a powder which analysed as
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Na2[V(C6H402)2], 2H20. The other species each contain 
three vanadium(II) ions on the basis of E.P.R evidence.
One species is cyclic and another is open-chain. The 
open-chain species reaches a maximum concentration when 
nitrogen fixation is fastest and is, therefore, thought to 
bind dinitrogen (Figure 1.1)3•
Figure 1.1
Dinitrogen can be reduced to ammonia at ambient 
conditions by electrochemically generated vanadium(II), 
promoted by various organic compounds in basic methanol26. 
Many bidentate complexing agents were studied containing 
heterocyclic, thiol, hydroxyl, amine and carboxyl groups. 
Two compounds, 1,2-dihydroxynaphthalene and 
2,3-dihydroxypyridine were found to be better promoters of 
ammonia formation than catechol, and 1,2-dihydr- 
oxycyclohexane, 2-pyridine methanol and ethylene glycol 
also promote this reaction. No vanadium(II) intermediates
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were isolated from these reactions. The reduction of 
dinitrogen to ammonia was also carried out 
electrochemically (-1.7 V for 1 h, followed by -2.3 V for 
30 mins).
The recent isolation of a complex11 first containing 
dinitrogen bridging two vanadium atoms, the stable 
dinitrogen complex of vanadium, supports Shilov's theory 
of dinitrogen reduction rather than Schrauzer's. However, 
it is too early to make definitive judgements on how these 
systems function.
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CHAPTER 2
Starting Materials for Vanadium(II) Chemistry I
Reactions of Vanadium Metal with Aqueous Acids
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Introduction
Investigations of vanadium(II) chemistry are 
restricted because of the unavailability of simple 
vanadium(II) compounds for synthetic work and because the 
materials are often air- and moisture-sensitive. There 
are several synthetic routes which have been used to 
prepare simple vanadium(II) salts.
Hydrated vanadium(II) salts such as [V(H20)6]S04, 
[VC12(H20)4] and [V(H20)6] (X)2 (X = Br or I) have been 
prepared by the electrolytic reduction of VOX2 solutions 
(X = Cl, Br or I) at a mercury cathode27'28. The 
corresponding ethanol complexes [VCl2(EtOH)4] and 
[V(EtOH)6]X2 (X = Br or I) were prepared by dissolving the 
hydrates in a mixture of ethanol and triethylorthoformate 
in an excess29.
Electrolytic reduction has also been carried out on 
solutions of VC13 and VBr3 in methanol saturated with HX 
(X = Cl or Br) to give stable vanadium(II) solutions30. A 
series of vanadium(II) methanol solvates was isolated from 
these solutions s [VCl2(MeOH)n], (n = 2 or 4) and 
[VBr2(MeOH)n] (n = 2, 4 or 6).
In contrast to these reductions, electrolytic 
oxidation of vanadium may also be carried out. Vanadium 
metal rapidly dissolves in acetonitrile (MeCN) when used 
as an anode in a Pt/X2 cell (X = Cl, Br or I) to give 
solutions from which VCl2.2MeCN, VBr2.MeCN or VI2 could be 
isolated31. However, further investigations, by X-ray
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crystallography, have shown that the vanadium(II) complex 
[VBr2(MeCN)] is in fact the vanadium(III) complex 
[VBr2(MeCN)4]Br332 . Electrolytic oxidation of vanadium 
metal has also been used to prepare [V(dmso)6] (BF4)2 from 
aqueous fluoroboric acid and dimethylsulphoxide (dmso)33.
It has been known for some time that aqueous 
vanadium(II) solutions could be prepared by the reduction 
of acidified vanadyl(IV) solutions with amalgamated 
zinc34. Recently, however, reducing agents have been used 
in non-aqueous conditions. When a solution of VC13 in 
tetrahydrofuran (thf) is reduced with zinc dust,
"VCl2(thf )2" is obtained35. This is now known to be the 
mixed metal salt [V2yA-Cl)3(thf )6]2[Zn2Cl6]36. Zinc 
contamination also occurred when ZnEt2 was added to a 
solution of VC13 in MeCN or thf to give [V(MeCN)8] [ZnClJ 
and [ V (thf) 4 ] [ ZnCl4 ]37.
If, however, a solution of [VCl3(thf)3] in thf is 
reduced with A1R20R (R = Me or Et) instead of Zn then the 
vanadium(II) mixed metal salt [V2(^-Cl)3(thf )6] [A1C12R2] is 
obtained38. The Zn or A1 contaminant often cannot be 
removed, although reaction of the above 
aluminium-containing salts with methanol gives 
[V(MeOH)6]C12 and [VCl2(MeOH)4].
Vanadium metal will react directly with VC13, 
bromine, and iodine at high temperatures (800-900°C) to 
give the vanadium(II) halides VC12, VBr2 and VI239. The 
metal is said to be unreactive towards chemical oxidation
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by acids such as HC1 and HBr. However, there is a brief 
report40 that crystalline vanadium will dissolve upon 
reflux in these acids to give the vanadium(II) hydrates.
The aim of this part of the work was to prepare the 
simple vanadium(II) hydrates by electrolytic reduction, 
and to investigate other methods of preparing these, and 
other simple starting materials.
Experimental
Vanadium(II) and vanadium(III) compounds are, 
generally speaking, sensitive to moisture and aerial 
oxidation. Therefore these compounds were handled either 
in vacuo or under dinitrogen, and all solvents used were 
purifed41 and distilled under dinitrogen prior to use.
The techniques used in the present research have been 
described in detail elsewhere42/1 and are not repeated 
here •
Solvent Purification
Methanol was dried by heating under reflux over 
magnesium turnings (20 g) in the presence of iodine 
crystals. Ethanol was dried in a similar fashion. A 
winchester of tetrahydrofuran was pretreated with iron(II) 
sulphate (50 g) for 24 h, followed by potassium hydroxide 
(100 g) for a further 24 h. After this the thf was stored 
over sodium wire for a minimum of 24 h. It was then dried 
by heating under reflux and distilled from sodium wire and
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benzophenone (20 g) prior to use. Diethyl ether was 
similarly pretreated before reflux and distillation from 
sodium hydride (20 g) prior to use. Dichloromethane was 
dried by addition of potassium carbonate (50 g) and 
phosphorous pentoxide (25 g) to a winchester for 24 h. It 
was then heated under reflux and distilled from potassium 
carbonate (50 g) and phosphorous pentoxide (25 g) prior to 
use. Toluene (a winchester of) was dried by storing over 
sodium wire for 24 h, before being heated under reflux and 
distillation from sodium metal (5 g) prior to use. A 
winchester of acetonitrile was dried with phosphorous 
pentoxide (20 g) for 24 h before distillation from 
phosphorous pentoxide (20 g) prior to use. 
Triethylorthoformate (1 L) was dried by distillation from 
lithium aluminium hydride (5 g) and the fraction collected 
at 144°C stored under dinitrogen before use. Hexane was 
dried by storage over sodium wire for 24 h before reflux 
and distillation from sodium hydride (20 g).
Preparations were carried out under purified 
dinitrogen in glass apparatus. Solids were transferred in 
a glove box with a recirculatory gas-purification system, 
manufactured by Faircrest Engineering Ltd, Croydon. 
Magnetic measurements on samples in sealed tubes were 
carried out by the Gouy method. Electronic spectra were 
recorded on a Beckman Acta MIV spectrophotometer fitted 
with a diffuse reflectance sphere (the vanadium(II) 
compounds were in sealed cells). Infrared spectra were
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recorded on a Perkin Elmer 577 spectrophotometer (Nujol 
mull and KBr plates). Vanadium turnings, (99.7%), and 
trifluoromethanesulphonic acid were obtained from Aldrich; 
hydrochloric acid (AR) and hydrobromic acid (AR) were used 
as received from BDH Ltd; ethylenediamine (Aldrich) was 
distilled from sodium hydroxide pellets and stored over 
molecular sieve 4A under nitrogen. Microanalyses were 
carried out by the Analytical Unit, Department of 
Chemistry, University of Surrey. Vanadium(II) was 
analysed by titration with acidic iron^(III) ammonium 
sulphate under nitrogen, using 0.1% neutral red indicator. 
All compounds were dried under vacuum by continuous 
pumping.
1) Electrolyic Reduction
a) [V(H20)6]S0<
V0S04xH20 (92.5 g) was dissolved in dilute sulphuric 
acid (200 cm3). A portion (75 cm3) of this stock solution 
was placed in the cell. The anode compartment was filled 
with dilute sulphuric acid (20 cm3), (this was replenished 
several times during the reduction), and the reduction was 
carried out at 5 V, 0.3 A for 40 h, under a flow of 
dinitrogen. Dioxygen, liberated at the carbon anode, was 
vented at the top of the cell. When the blue vanadyl(IV) 
solution had turned violet, this signalled the end of the 
reduction. The violet solution was filtered through 
celite '521' and upon addition of methylated
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spirits (150 cm3), [V(H20)6]S04 crystallized out of 
solution. The solid was filtered off and washed with cold 
methylated spirits.
b) [VC12(H20)4]
V0C12.2H20 (12 cm3, 50% w/v) was made up to 100 cm3 
with dilute hydrochloric acid. This solution was placed 
in the cell and reduced at 5 V, 0.9 A using a carbon 
anode. Concentrated hydrochloric acid (20 cm3) was placed 
in the anode compartment (this was replenished several 
times during the reduction). The cell was swept with 
nitrogen and the chlorine produced at the anode was 
condensed in a dry ice/acetone trap. After 5 h, the blue 
vanadyl(IV) solution had turned violet signalling the end 
of the reduction. The violet solution was filtered 
through 'celite 521' and the solvent removed in vacuo to 
yield blue plate like crystals, which were washed with 
diethylether.
c) [V(H20)6]Br2
Dry V205 (25 g) was dissolved in concentrated 
hydrobromic acid (50 cm3) and the resulting brown solution 
was evaporated to dryness. The blue/brown residue was 
treated with two further portions of concentrated 
hydrobromic acid (30 cm3) and the solution taken to 
dryness each time. The resultant blue vanadyl(IV) bromide 
was dissolved in hot water and filtered. Concentrated
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FIGURE 2.1 Electrolysis cell used to reduce aqueous 
vanadyl(IV) solutions
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hydrobromic acid (5 cm3) was added to the filtrate which 
was then made up to 500 cm3.
100 cm3 of this stock solution were placed in the 
cell and concentrated hydrobromic acid (20 cm3) in the 
anode compartment. The reduction was carried out at 
1.5 A, 7 V with a platinum anode. The bromine liberated 
at the anode was removed by a through flow of nitrogen and 
trapped on soda lime. After about 8 h the solution colour 
changed from blue to violet indicating the end of the 
reduction. The violet solution was filtered through 
celite '521' and the solvent removed in vacuo to yield 
purple [V(H20)6]Br2. This was washed with ice-cold ethyl 
acetate to remove any vanadium(III) impurity.
2) Chemical Oxidation (Vanadium Powder)
a) [V(H20)6]Br2
Vanadium powder (12 g), hydrobromic acid (70 cm3) and 
distilled water (60 cm3) were heated under relux for 6 h. 
The resultant deep purple solution was filtered from the 
excess of metal and evaporated to dryness in vacuo to 
yield a green purple solid, which was washed several times 
with cold ethyl acetate, (38.6 g).
b) [VC12(H20)J
Vanadium powder (4.5 g) and hydrochloric acid 
(20 cm3) were heated under reflux for 1 h. The solution 
became green, blue and then brown. On addition of more
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hydrochloric acid ( 2  cm3) the colour changed back to blue, 
but on further heating the brown colour returned. Further 
quantities of hydrochloric acid produced no further 
changes.
Experiments with the powder were discontinued when it 
was found that the vanadium turnings were more easily 
handled and gave pure products.
3) Chemical Oxidation (Vanadium Turnings)
a) [VC12 (H20)4]
Vanadium turnings (5 g) and hydrochloric acid 
(50 cm3) were heated under reflux for 3 h. The resultant 
deep purple solution was filtered from the excess of metal 
(4.32 g) and evaporated to dryness in vacuo to yield a 
blue solid which was washed with diethyl ether (yield 
88%).
b) [V(H20)6 ]Br2
|/\nadium turnings (5 g) and hydrobromic acid (50 cm3) were 
heated under reflux for 3 h. The resultant deep purple 
solution was filtered from the excess of metal (3.65 g) 
and evaporated to dryness in vacuo to yield a purple solid 
which was washed with cold ethyl acetate (yield 61%).
c) [V(H20)6]S04
Vanadium turnings (5 g ), concentrated sulphuric acid 
( 2 0  cm3) and distilled water ( 2 0  cm3) were heated under
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reflux to yield a dark green solution. There was no 
further change upon addition of more water ( 2 0  cm3) and 
further heating. It was assumed that the green colour was 
due to vanadium(III).
■d) [V(H20)6](BF4)2
Vanadium turnings (5 g) and fluoroboric acid (40 cm3) 
were heated under reflux for 3 h. The resultant deep 
purple solution was filtered from the excess of metal 
(4.5 g) and concentrated in vacuo. A purple solid 
crystallised; it was filtered off and washed once with 
diethyl ether (yield 62%).
e) [V(H20)6](CF3S03)2
Vanadium turnings (5 g) were heated under reflux with 
a mixture of trifluoromethanesulphonic acid (triflic acid) 
(20 cm3) and water (20 cm3). A light blue-green colour 
developed, turning to dark blue after heating for about 1 2  
h. The solution was allowed to cool, during which time a 
purple colour developed and purple crystals separated.
The mixture was reheated to redissolve the crystals and 
the solution was decanted from the excess of metal 
(4.5 g). Purple needles separated on cooling. These were 
filtered off and washed once with anhydrous diethyl ether 
(yield 2 0 %).
When the metal is heated with the neat acid it slowly 
becomes coated with a blue green material, which dissolves
when water is added.
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The new salt [V(H20)6] (CF3S03 ) 2 gave purple solutions 
with acetone, ethyl acetate, n-butanol, ethanol and 
1 ,2 -dimethoxyethane (a purple oil was obtained when 
pentane was added to the 1 ,2 -dimethoxyethane solution). 
There was no change in the solution colour upon addition 
of triphenylphosphine (in butanol) or anilinium bromide 
(in ethanol), therefore complexation by PPh3 or Br* did 
not occur. The solid did not dissolve in diethyl ether, 
toluene or dichloromethane. There were marked colour 
changes with pyridine, acetonitrile, tetrahydrofuran, 
dimethylformamide and 1,4-dioxan. When ethylenediamine 
was added to a solution of the complex in ethanol, a green 
solution was obtained from which [V(en)3] (CF3S03 ) 2 was 
isolated as described below.
4) Preparation of [V(en)3] (CF3S03 ) 2 from [V(H20)«] (CF3S03 ) 2
To a purple solution of [V(H20)6] (CF3S03 ) 2 (0.9 g, 1.96 
mmol) in ethanol (40 cm3)as added ethylenediamine (en) 
(0.53cm3, 7.87 mmol) to give a green solution. This was 
concentrated to half its original volume under vacuum and 
stored at -20°C. After one week the green solid which 
crystallised was filtered off and washed once with diethyl 
ether (yield 53%).
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5) The X-ray crystal structure analysis of
[V(H20h] <CF,SOa),
Crystal Data - C2H1 2F601 2S2V, Mr = 457.17, monoclinic, a 
= 18.516(4), b = 6,975(2), c = 6.584(1) A, f = 103 86(1)°, 
U = 825.6 A3, space group C2/m, Z = 2, D = 1.839 g cm"3, 
F(000) = 458, graphite-monochromated, Mo-K^ radiation, 
(X= 0.71069 A), yu(Mo-K^) = 9.34 cm"1.
Determination of the Structure - A crystal of the 
vanadium(II) complex of approximate dimensions 0.4 x 0.6 x 
0.15 mm was sealed in a Lindemann capillary under 
dinitrogen. The dimensions of the unit cell were 
determined by least-squares refinement of a set of 25 
reflections in the range 13°<0<15°.
The intensity data were measured in the range 
1°<0<24°, (-21<h<21, 0<k<8, 0<1<7), using the w/20 scan 
mode, which yielded a total of 758 reflections, 632 having 
I>35"(I). After the usual Lorentz polarization 
correction, a correction was made for a 1 .1 % decrease in 
the monitored reflection over the data collection period, 
followed by an empirical absorption correction (min/max 
correction 0.95/1.0).
From a statistical analysis of the intensity data, 
the crystal was taken to be centrosymmetric, confirming 
space group C2/m, and leading to the position of the V 
atom on a centre of symmetry. The positions of the S 
atoms were obtained from a Patterson map and the remaining 
atoms by the usual heavy atom methods. Isotropic
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refinement converged at R = 0.16 and following a second 
absorption correction by DIFABS4 3 R fell to 0.116 (min/max 
correction 0.60/1.36). Full-matrix anisotropic refinement 
of non-hydrogen atoms converged at R = .047, Rw = .080, S 
= .931 using weighting scheme w " 1 = (0.5 + .029F + 0.1F2) 
where the coefficients were adjusted to give a linear R- 
normal probability plot4 4 of slope 0.96. The hydrogen 
atoms of the water molecules were located in a difference 
map and refined in the last three cycles of refinement.
The largest peak in a final difference map was 0.38 
electrons. Atomic coordinates, selected bond distances 
and angles are given in Table 2.1. All calculations were 
performed using the Enraf Nonius Structure Determination 
Package4 5 on a DEC PDP 11/73 computer.
Table 2.1
o
Bond Lengths (A) and Bond Angles (o) with E.S.D's in Parentheses
V-0 (3) 2.120(3) S-0(2) 1.423(3) 0(3)-H(3) 0.84(4)
V-0(4) 2.118(2) S-C 1.817(7) 0(4)-H(4A) 0.94(4)
S-O(l) 1.435(3) F (1)-C 1.299(8) 0(4)-H(4B) 0.89(5)
F (2)-C 1.296(6)
S-C-F(l) 110.0(5) 0(1)-S-0(2) 114.3(1) S-C-F(2) 110.1(4)
0(3)-V-0(4) 91.4(1) 0(1)-S-C 103.3(3) F(1)-C-F(2) 107.5(5)
*0(4)-V-0(4) '92.4(2) 0(2)-S-0(2)'114.7(2) F(2)-C-F(2) '111.7(8)
0-(2)-S-C 104.2(2)
* Symmetry Code is x, -y, z.
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Results and Discussion
Chemical oxidation of vanadium metal with aqueous 
acids has been showAto be an effective way of preparing 
simple hydrated vanadium(II) salts. The analytical data 
(Table 2.2) of the compounds prepared by this method agree 
closely with those compounds prepared by electrolytic 
reduction and with the theoretical values.
Table 2.2 
Analytical Data* (%)
Complex C H N V1 1
[V(H20)4Cl2]b 27.6(26.3)
[V(H20)4Cl2]d 4.25(4.20) 25.2(26.3)
[V(H20)6 ]Br2]b 3.59(3.79) 15.0(16.0)
[V(H20)6 ]Br2]c 3.83(3.79) 12.6(16.0)
[V(H20)6 ]Br2]d 3.85(3.79) 15.5(16.0)
[V(H20)6 ](BF4 ) 2 3.89(3.60)
[ V (H20 ) 6 (CF3SO3 )25.75(5.25) 2.45(2.65)
[V(en)3] (CF3S03 ) 2 18.6(18.2) 4.70(4.50) 15.6(15.9) 8.95(9.6)
* Calculated values in parentheses
b Prepared by electrolytic reduction
c Prepared from metal powder
d Prepared from metal turnings
CM
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Figure 2.2
Atom Numbering Scheme and Structure of [V(H20)J (CF,SO,)a
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Syntheses of the hydrated salts from the metal are 
easier to control, less time consuming and produce greater 
yields than electrolytic reduction. The turnings are 
easier to handle than the powder because the hot solution 
is easily decanted from turnings whereas powder requires 
filtration, and recovery of the excess of metal was 
harder. Also turnings allow greater control of the 
reaction. From the one vanadium(II) analysis it may be 
that the products from the powder reactions were 
contaminated with vanadium(III).
The oxidation reactions worked with the acids HC1,
HBr and HBF4 to yield the simple hydrates as reported 
previously40, however no reaction was found with hydriodic 
acid. A reaction did occur with sulphuric acid, but from 
the green colour of the solutions it was assumed that the 
products were vanadium(III).
Reactions between the metal and other acids were also 
tried; acetic and trifluoroacetic acid produced no 
reaction; with hexafluorophosphoric acid a purple solution 
was observed, but hexafluorophosphoric acid requires fluon 
apparatus and the glass was severely attacked before a 
product could be isolated, but from the reaction with 
triflic acid a new compound was isolated as above.
The infrared spectrum (Table 2.3) of the purple 
crystals isolated from this reaction indicated the 
presence of both H20 and CF3S03‘ (triflate). The bands due 
to the triflate anions were assigned by comparison with
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Table 2.3 
Infrared Data (cm-1)
[ v (H20) 6 ] (CF3S03) 2 [V(en)3] (CF3S03) 2 Assignment1 8 ' 1 9 '2 0
3480s, vbr (OH)]
3340s (N-H) ]
3290s l) (N-H)]
3180m [O(N-H)]
1660m [S(h2o> ]
1640m
1570s [i(N-H)]
1255s, vbr 1250, br ()(S03)]
1225m
1195s 1150vs [i(C-F)]
1 1 0 0 s (C-F)]
1040s, br 1030vs [5(c-f >]
970m
760s
645m 640vs (S (S°3) 1
590s 570s
525m 515s
475m
known triflate salts46'47. Due to the lack of splitting of the
S03“ band, the complex did not appear to contain coordinated 
triflate. Therefore the struc^cvre was probably
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[V(H20)6 ](CF3S03 ) 2 rather than [V(H20)4 (CF3S03)2] and this
conclusion was supported by the analytical data.
Magnetochemical investigations (Table 2.4, Figure 2.3) showed
that the effective magnetic moments were 3.86yHg at 90 K and
3.83 ^  at 295 K, essentially independent of
temperature. These moments are close to the spin-only
moment of 3.87 expected for a 3d3 system with
octahedral symmetry, and the behaviour deviated slightly
from the Curie law (0 = -2°). The fact that the magnetic
moments did not vary with temperature indicates a
monomeric structure. Similar results were obtained for
[V(H20)6] (BF4 ) 2 (Table 2.5, Figure 2.4) which also
essentially follows the Curie Law (0 = 4°), with effective
magnetic moments of 3 . 7 4 at 174 K and 3.78 /a ^ slt 295 K.
The X-ray investigation of [V(H20)6] (CF3S03 ) 2 confirmed
that the vanadium atom is octahedrally coordinated to six
H20 ligands. In the V06 octahedron (Figure 2.2, Table
2.1) all the V-0 distances are equal, as expected for a
©
3d complex. The mean value of 2.119 A agrees closely
with those found for the V-OH2 distances in [V(H20)6 ]S04,
(2.131 A ) 7 and (NH4 )2 [V(H20)J (S04)2, (2.15 A)48. The mean
V-OH2 bond distance4 9 in the vanadium(III) triflate
o
[ V (H20 ) 6 ] [H502 ] (CF3S03 ) 3 is 1.995 A, smaller by approximately 
0.13 A.
The triflate anions have dimensions similar to those 
reported recently49, and they are extensively hydrogen- 
bonded to the coordinated water molecules. Eight anions
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form a cage around each [V(H20)6] octahedron, and the 
framework of twelve hydrogen-bonds consists of two 
independent contacts from each of the four 0(4) water
molecules to different triflate anions {0(4) - 0(1) =
o o
2.839 A and 0(4) - 0(2) = 2.814 A} and two symmetrical
contacts between each water molecule 0(3) and the 0(2)
o
atoms of two anions {0(3) - 0(2) = 2.785 A}. The 
hydrogen-bonding clearly contributes to the stability of 
the lattice.
Table 2.4 
Magnetic Data on [V(H20) j (CF3S03 ) 2
T (K) io*xA
(e.g.s. units)
t f *-1
(e.g.s. units)
295.0a 3.83
294.5 6268 160.0 3.84
•
263.5 6967 144.0 3.83
230.5 7931 126.0 3.82
199.5 9236 108.0 3.83
167.5 10970 91.0 3.83
136.5 13580 74.0 3.85
105.0 17780 56.0 3.86
91.5 20530 49.0 3.88
90.0*
6  = -2 K 106# t = 199
3.86
Calculated from least squares plot
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The diffuse reflectance spectra (Table 2.6, Figures 
2.5-2.7) of [V (H20 )6] (CF3SO3 )2, [V(H20)6 ](BF4 ) 2 and 
[V(en)3] (CF3S03 ) 2 contain absorption bands assignable to 
the transitions 4A2 , -> 4T2 ,, (Oj, 4A2 , -> Tlg(F), 0 2 ) 
and 4A2, -> Tlg(P), (^3) as expected for vanadium(II) in 
octahedral symmetry. The values for the hexaaqua complex 
are close to those reported earlier2 7 '2 8 for [V(H20)6] (S04) 
and A2 [V(H20)6] (S04 ) 2 (A = NH4, K, Rb or Cs) and the values 
for the tris(ethylenediamine) complex are close to those5 0  
for [V(en)3 ]Br2 and [V(en)3 ]I2.
Table 2.5
Magnetic Data on [V(H20)6] (BF,)^
T (K) io6 OCa
(e.g.s. units)
^ A  /•« 
(e.g.s. units)
295* 3.78
294.5 6055 165 3.78
263.5 6714 150 3.76
230.5 7768 129 3.78
198.0 8854 113 3.74
VO o 0
KT*IICD 106# l= 130
3.67
Calculated from least squares plot
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Table 2.6 
Reflectance data (cm-1)
Complex I I
[V(H20)4C12 ] 2 9900s 17100s 24900s
[V(H20)6 ]S04 1 11900s 17800s 28000s,sh
[V (H20)6 ]Br2 2 11700s 17600s 30000s,br
[V(H20)6] (BF4 ) 2 12500s 18300s 27600m
[ V (H2 0 ) 6 ] (CF3SO3 ) 2 11800s,b 17400s 26500m
[V(en)3 ]Br2 1 8 15500 21400 32000sh
[V(en)3 ]I2 1 8 15600 21400 31600sh
[V(en)3] (CF3SO3 ) 2 15900s 21700s -
Conclusions
Chemical oxidation of vanadium metal by the acids HX (X 
= Cl, Br or BF4) to produce the simple hydrated vanadium(II) 
salts has been shown to be a viable procedure, thus 
confirming the report in the literature12. The new salt 
[V (H2 )06] (CF3SO3 )2 has been prepared by this route. From its 
reactions with donor solvents it appears to be a useful 
starting material, as the synthesis of [V(en)3] (CF3S03 ) 2  
indicates, although further investigations of these reactions 
need to be carried out.
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Figure 2.7 
Reflectance Spectrum of [V(H20)J (BF4 ) 2
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CHAPTER 3
Carboxylic Acids as Neutral Ligands in Coordination 
Chemistry
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Introduction
In this review metal complexes with carboxylic acids 
primarily acetic and formic acids, will be discussed. 
Complexes involving other carboxylic acids will also be 
dealt with where appropriate. A carboxylic acid may be 
present in an inorganic complex in two ways; as a ligand 
or as a molecule of crystallisation. As this review is 
concerned primarily with complexes of the first type, and 
because there are several reviews in the literature which 
cover both acetic acid5 1 and formic acid5 2 solvates eg, 
NaI.3CH3COOH and Na(HCOO).2HC00H, these will not be 
discussed here.
The aim is to survey metal-carboxylic acid complexes 
in which the metal-acid coordination occurs through the 
carbonyl oxygen without loss of a proton, so that the 
acids act as neutral ligands. The compounds will be 
divided into three categories; those that definitely 
contain coordinated acid, those that probably contain 
coordinated acid, and those that may be solvates. The 
criteria defining these categories will be X-ray 
crystallographic structure determination, analyses and 
spectroscopic data, and other data/techniques such as 
dissociation experiments.
Crystallographically established structures
The carbonyl group in RCOOH has the shorter carbon- 
oxygen distance which will lengthen slightly on 
coordination, so in a structure determination the C-0
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distances will show whether the carbonyl oxygen or the 
hydroxyl oxygen is coordinated.
Several multinuclear metal complexes containing
coordinated carboxylic acids have been examined by X-ray
crystallography. The first of these, anhydrous
manganese (III) acetate5 3 { (Mn30(CH3C00)6 (CH3C00H) (CH3COO) }n,
was found to have three manganese atoms in a triangle
around a central bridging oxygen atom, held together by
six acetate bridges. Coordinated to one of the manganese
atoms, via the carbonyl oxygen, was a single acetic acid
molecule. The hydroxyl oxygen of this molecule is
involved in intramolecular hydrogen-bonding with an oxygen
©
of a bridging acetate (0-0=2.7 A). Related manganese(III) 
complexes, [ Mn30 (CH3C00) 6 (H20 ) (CH3C00H) 2 ] (CH3C00) and 
[ Mn30 (HCOO) 6 (HCOOH) 3 ] (HCOO) (HCOOH) (H20 ) are thought5 4 to 
have similar structures, but the only structural data 
available are the unit cell dimensions and therefore a 
comparison of these structures is not possible.
In the vanadium(III) complex [V3 ( 3^-0)(CH3C00)s 
(CH3COOH)2 (thf) ] [VCl4 (CH3COOH)2]55, (thf = tetrahydrofuran), 
the main structure of three vanadium atoms forming a 
triangle around a central bridging oxygen atom is similar 
to the one described above, with six bridging acetate 
groups holding the structure together. Two acetic acid 
molecules and a thf molecule coordinated to the vanadium 
atoms complete the coordination sphere. Unlike the 
manganese structure, however, there does not appear to be
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any intra- or inter-molecular hydrogen-bonding between the 
acetic acid hydroxyl oxygen and an oxygen of a bridging 
acetate, which is unusual. The c^rstallographic data on 
the anion [VCl4 (CH3COOH)2]" show that the vanadium atom is 
octahedrally coordinated and that the acetic acid 
molecules are coordinated through the carbonyl oxygen.
The tin (II) complex [Sn602 (CF3C00)8CF3C00H] 5 6 has a 
structure which unlike the manganese and vanadium 
compounds above, consists of two independent Sn30 units 
which are bridged by bidentate trifluoroacetate groups.
In addition to these bidentate bridges there are several 
monodentate trifluoroacetate groups present, together with 
one molecule of coordinated trifluoroacetic acid. 
Coordinated trifluoroacetic acid is present also in the 
molybdenum complex [Mo(CF3COO) (CF3COOH) {P(OMe3)2} (C5H5) ]57.
Table 3•1
Dinuclear Metal Complexes with Axial Acetic Acid Ligands
Complex 0-0 (A) Ref
[ Cr2 (CH3COO) 4 (CH3COOH) 2 ] 2.642 57, 67
[ Cu2 (CH3COO) 4 (CH3COOH) 2 ] 2.62 59, 60
[Rh2 (CH3COO) { (C6H5) 2P (C6H4) } 2 (CH3COOH) 2 ] 2.527 61, 62
The structures of several dinuclear complexes have 
been obtained (Table 3.1) and they are all similar. They 
consist of two metal atoms linked by four acetate bridges
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and one acetic acid molecule coordinated, at each end of
the metal-metal axis, through the carboyl oxygen. In each
case the hydroxyl oxygen of the acetic acid molecule takes
part in intramolecular hydrogen-bonding with an oxygen of
a bridging acetate. Analogous to these complexes is the
rhodium(II) complex [Rh2 (CH3COS)4 (CH3CSOH) 2 ] 6 3 in which the
hydroxyl oxygen of the thio-acetic acid molecule is
involved in intramolecular hydrogen-bonding with an oxygen
o
of a bridging group (0-0 = 2.52 A). The rhenium(II) 
complex [Re2Cl4 (CH3COO(H) } 2 ] 6 4 appears to be similar to the 
above dinuclear complexes, but the crystallographic data 
suggest that acetic acid is not present, because the 
protons are involved in hydrogen-bonding between the
b
chlorine atoms (Cl-Cl = 3.28 A) and each acetate residue 
is coordinated by both oxygen atoms.
In addition to the above multinuclear carboxylic acid 
complexes, several mononuclear complexes have been 
studied. In the nickel(II) complex
[Ni(CH3COOH)6] (BF4 )265, the nickel atom is surrounded by an
octahedral arrangement of acetic acid molecules
coordinated at the carbonyl oxygen. The hydroxyl hydrogen
atoms are involved in a complex array of hydrogen bonds.
Each hydrogen is intramolecularly bonded to a carbonyl
o
oxygen (0-0 = 2.825 A) whilst being intermolecularly
o
bonded to a tetrafluoroborate (0-F = 2.784 A) ion. In the 
chromium(II) complex [C(NH2)3] [CrBr4 (CH3COOH) 2 ] 6 6 the 
chromium atom is coordinated to acetic acid molecules by
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the carbonyl oxygen. The structure of [CrBr4 (CH3COOH)2]2" 
is similar to that of the vanadium(III) anion 
[VC14 (CH3COOH)2 ]" discussed previously. The chromium(II) 
complexes [Cr(CH3COO)2 (CH3COOH)2 ] and [Cr(HCOO)2 (HCOOH)2] 
previously thought to be mononuclear6 7 ' 6 8 are now known to 
be dinuclear.
Carboxylic acids react with alkali metal hydroxides 
to form acid salts, of which there are two types, 6 9 A and 
B. An example of A is NaH(CH3COO ) 2 where the H(CH3COO)2" 
anion has a symmetrical hydrogen bond. KH(CH3COO ) 2 is an 
example of type B where the H(CH3COO)2" anion has an 
unsymmetrical hydrogen bond and therefore can be 
considered to comprise a neutral CH3COOH molecule and a 
CH3COO" anion. A comprehensive review of these compounds 
has been carried out7 0 and therefore they are not 
considered further here.
Structures inferred from by non-crystallographic 
spectroscopic methods
It was suggested that the carbonyl oxygen of a 
carboxylic acid could coordinate to a metal atom from 
infrared spectral studies on SbCl5.RCOOH (R = H, CH3), 
SnCl4 .CH3COOH and SbCl3 .CH3COOH371. The carbonyl stretching 
frequencies for fesee saturated carboxylic acids are in the 
range 1705-1725 cm"1; if the acid were coordinated to the 
metal via the hydroxyl oxygen, then the carbonyl frequency 
should increase. However, the spectra
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of SnCl4 .CH3COOH and SbCl3 .CH3COOH show a decrease in this 
frequency. The broad 0-H stretching frequency does not 
show much change compared to the free acid, indicating the 
presence of hydrogen bonds. In the SbCl5 complexes 
however, the 0-H band is sharp indicating free OH and 
therefore no hydrogen bonds.
The antimony(V) complexes SbCl5.HCOOH and 
SbCl5• 2HC00H, and the tin(IV) complex SnCl4 .3HCOOH have 
been obtained by the addition of formic acid to the 
corresponding halide at low temperatures (ca -15°C) 7 2 , 7 3 .
The infrared spectrum of SbCl5.HCOOH showed that the 
carbonyl frequency had shifted from 1720 cm" 1 to 1615 cm" 1 
and there was an Sb-0 band at 450 cm"1. However, the 
spectra of SbCl5 .2HCOOH and SnCl4. 3^kC00H contained two 
carbonyl stretches, one at ca 1720 cm" 1 and the other at 
ca 1615 cm"1, together with broad OH bands at 3300 cm"1.
From this evidence, it was suggested that in SbCl5. HCOOH 
the formic acid molecule is coordinated through the 
carbonyl oxygen, whereas in SbCl5 .2HCOOH and SnCl4 .3HCOOH 
one molecule of formic acid is coordinated through the 
carbonyl oxygen and the other acid molecules are hydrogen- 
bonded as in Figure 3.1.
The reactions of FeCl2 and FeCl3 with formic acid 
have also been studied74. At ca -10 °C, FeCl2 reacts to 
form FeCl(HCOO) (HCOOH) and FeCl3 to form FeCl2 (HCOO) (H20).
On reflux however, FeCl2 gives Fe(HCOO)2 (HCOOH) 2 and FeCl3 
forms FeCl (HCOO) 2 (H20 ). The formic acid molecule in the
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Structures of SbCl5.HCOOH and SnCl4 .3HCOOH
iron(II) complexes is thought to be coordinated rather 
than solvated, because the infrared spectra contain 
depressed carbonyl stretches (ca 1615 cm"1). The broad 
bands at ca 3300 cm" 1 are indicative of strong hydrogen 
bonds. It is not understood why formic acid should 
coordinate in the iron(II) complexes but not in the 
iron(III) complexes.
A wide range of metal-acetic acid complexes has been 
prepared7 5 from a reaction between hexahydrate salts and 
acetic anhydride. The metals were the divalent cations of 
the first row transition metals, manganese, cobalt, 
nickel, copper or zinc, together with magnesium and 
calcium with a wide range of anions (BF4", C104" or N03”).
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Examples are given in Table 3.2 together with another 
acetic acid complex obtained by the addition of 
acetylacetone to [Ni(CH3COOH)6] (C104)276;
Table 3.2 
Metal-Hexa(Acetic Acid) Complexes
Complex Other Anions
[Ni (CH3COOH) 6 (BF4 ) 2 cio4-, 10a
[ Mg (CH3COOH) 6 (N03 ) 2 c io4-
[Ca(CH3COOH ) 6 (C104 ) 2 -
[Co(CH3COOH) 6 (BF4 ) 2 C104-, N03-
[ Mn (CH3COOH) 6 (C104 ) 2 BF4-
[Cu(CH3COOH ) 6 (BF4 ) 2 C104“
[Zn(CH3COOH)6] (C104 ) 2  
[Ni(acacH)2 (CH3COOH)2] (C104 ) 2
The metal atoms were assumed to be octahedrally 
coordinated to six acetic acid molecules via the carbonyl 
oxygen. The evidence for this comes from their visible, 
reflectance, near-infrared and infrared spectral data.
The coordination of the acetic acid molecules was 
confirmed by the X-ray crystal structure analysis of 
[Ni(CH3COOH)6] (BF4 ) 2 6 5 which has been discussed earlier. A 
similar series of hexa(carboxylic acid) complexes of the 
type [M(RC02H)6] (SbCl6)2, (M = Co11, Ni1 1 or Zn1 1 and R = H,
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CH3, C2H5 or C1CH2) has been prepared by the following two 
stage synthesis77:
MC12 + 2SbCl5 + 6CH3N02 -> [M(CH3N02)6] [SbCl6 ] 2 
[M(CH3N02)6] [SbCl6 ] 2 + 6RC02H -> [M(RC02H)6] [SbCl4 ] 2 + 6CH3N02
There is also evidence that carboxylate complexes can 
be converted into acid complexes. The chromium(II) 
complexes7 8 [CrCl2 (RCOOH)2] (R = CH3 or C2H5) were obtained 
by passing hydrogen chloride gas through a solution of the 
carboxylate in the respective acid.
The copper(II) and cobalt(II) complexes CuF2 .2RCOOH, 
CuF2 .CH3C00H.H20, Cu(CH3COO)2 .CH3COOH, CuC12 .CH3COOH and 
CoF2 .2RC00H (R = H or CH3) were first thought7 9 ' 8 0 to be 
acetic acid solvates. However, infrared spectra showed no 
absorption bands where uncoordinated carbonyl stretches 
are expected (1770-1720 cm"1), but strong absorption in 
the 1620-1600 cm" 1 region which suggested that the acids 
were coordinated. This view was further reinforced by 
neutron diffraction data which indicated the presence of
F..... HO hydrogen bonds. The cobalt(II) complexes
thermally decompose in two stages to give
CoF2 (HCOO) (HCOOH) (140 °C) and CoF2 (CH3COOH) (156 °C) and
then leave Co304 at 300 °C.
As well as these complexes of divalent metals and 
acids, series of acetic acid complexes of trivalent metals 
(Table 3.3) have been prepared from different reactions.
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Table 3.3
Trivalent Metal(III)-Acetic Acid Complexes
Complex M
[N(C2H5)4][MX4(CH3COOH)2] ^ 8 1 , 8 2 Ti82' Cr83
[N(CH3)4][MX4(CH3COOH)2] V82, Cr83
[ Hpy ] [ MC14 (CH3COOH) 2 ] v82
[ Hpy ] 2 [ mx5 ( ch3cooh ) ] Cr83
[ Hiquin ] [ MX4 (CH3COOH) 2 ] Cr83
[ Hiquin ] 2 [ MCl5CH3COOH ] Cr83
[MC13(2,2 '-bipy) (CH3COOH) ] Cr83
[ H2-2,2 " -bipy ] [ MBr5 (CH3COOH) ] Cr8 3
(X = Br or Cl)
[ N (C2H5) 4 ] [ VBr4 (CH3COOH) 2 ] 8 1 was prepared from the 
reduction of vanadium pentoxide in a mixture of acetic 
acid and hydrobromic acid, whereas the complexes 
[A] [MX4 (CH3COOH) 2 ] 8 2 (Table 3.3) were prepared from a 
solution of MX3 .6H20 and [A]C1.H20 in acetic acid, with 
either the addition of acetyl chloride or bromide, or the 
passage of hydrogen halide through the solution. A series 
of deuteriated complexes, eg. [N(C2H5)4] [VCl4 (CH3COOD)2] has 
also been prepared from acetyl chloride and deuteriated 
acetic acid. The chromium complexes8 3 were obtained by 
passing hydrogen halide through a solution of chromium(VI) 
oxide and [A] (Table 3.3) in acetic acid. The presence
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of coordinated acetic acid was inferred from the infrared 
data which had carbonyl stretches at 1615 cm" 1 and not at 
1788 cm' 1 (free acid). Also, the 0-H bands were at 
3100 cm' 1 instead of 3580 cm"1. These data suggested the 
presence of metal-to-carbonyl oxygen bonds and that the 
hydroxyl group is involved in hydrogen-bonding, probably 
to the halides. Other evidence for the presence of 
coordinated acid included potentiometric titrations with 
sodium hydroxide. It is thought that these complexes are 
similar in structure to those of [VCl4 (CH3COOH)2]" and 
[CrBr4 (CH3COOH)2] [C(NH2)3] which have been discussed 
previously as are the titanium(IV) complex 
[Ti (CH3COO ) 4 (CH3C00H) 2 ] 8 4 and the titanium(III) complex 
Cs2 [TiCl5 (CH3COOH) ]85, (prepared by the addition of CsCl to 
TiCl3 in acetic acid). In the titanium(III) complex the 
acetic acid molecule is assumed to occupy the sixth 
coordination position of TiCls".
On the basis of infrared and microanalytical data, 
several carboxylic acid complexes of [ReCl3 (RCOOH)2J (R = 
Ch3, C2H5 or C3^H 7 ) 8 6 were identified among reaction products 
from mixtures of the carboxylic acid and rhenium(HI) 
chloride, the other products being ReCl(0C0R)2. It is not 
clear however, whether these complexes are monomeric as 
reported or dinuclear and analogous to the rhenium(III) 
carboxylate complexes [ Re2 (OOCR) 2X4 ] .2L (R = CH3 or (CH3)3C 
and L = H20 or C5H5N)87.
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The existence of coordinated carboylic acids in some 
organoantimony compounds has been suggested88. These 
compounds, of the type (CH3 )4Sb0C(0)RI.RIIC00Hf are thought 
to form chelate rings linked by hydrogen bonds (Figure
3.2).
R1
i
Figure 3.2
Structure of R4SbOC(0)R1 .RXICOOH (R, R1 - CH, and Rxx» C«H5)
The evidence for this is the appearance of a singlet 
at -1.5 ppm in the 1H-nmr spectrum of the above complex. 
This region of the spectrum contains peaks from hydrogen 
atoms which are either strongly acidic or involved in 
hydrogen-bonding. The infrared spectrum of this complex 
does not contain the absorption bands expected for free 
hydroxyl groups, again suggesting the presence of strong 
hydrogen bonds.
Several multinuclear compounds, other than those 
already discussed, have also been reported. The 
vanadium (III) complex8 9 [ V30 (CH3COO) 6 (CH3COOH) ] was obtained 
from a mixture of vanadium(III) chloride and acetic acid
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after reflux. A structure for this compound has been 
suggested on the basis of infrared data. All the acetate 
groups are symmetrically coordinated in either intra- or 
inter- cluster bridging with bands at 1618 and 1528 cm" 1 
assigned to the asymmetric vibrations of ^(C=0). The band 
at 1699 cm*1, high for an acetate ligand, was assigned to 
the asymmetric vibration of the acetic acid ligand. The 
corresponding formate and analogous chromium(III) 
complexes (Table 3.4) have also been reported and are 
thought to contain coordinated acid on the basis of 
infrared data.
Table 3.4
Multinuclear Metal Carboxlic Acid Complexes
Complex Ref
[V30 ( 00CH)6] (OOCH) .4HC00H 90
[ Cr30 (OOCCH3) 6 (CH3COOH) 3 ] Cl 91
[ Cr30 (OOCH) 6 (HCOOH) 3 ] (OOCH) 92
[ Cr30 (OOCH) 6 (H20) (HCOOH) ] (OOCH) HCOOH 92
Structures inferred from measurements in solution
The adducts M(OOCCH3 )2 .2CH3COOH (M = Ba), 
M(OOCCH3 )2 .CH3COOH (M = Cu, Fe or Mg) and 2M(OOCH3)2,
CH3COOH (M = Co or Ni) have been obtained by dissolving 
the respective hydrates in acetic acid93. The compounds 
were identified by electrolytic dissociation experiments 
only and therefore the nature of the bonding is not known.
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However there is evidence from visible solution and 
reflectance spectra9 4 ' 9 5 to suggest that cobalt(II) acetate, 
[Co(CH3COO)2] .4H20, when dissolved in acetic acid, forms 
the octahedral cobalt (II) complex [Co(CH3COO)2 (CH3COOH)4]. 
In the presence of bromide ions this complex changes to 
give [ Co (CH3COO) Br (CH3COOH) 4 ], [ Co (CH3COO) 2Br (CH3COOH) 3 ], 
[CoBr2 (CH3COOH)2] and the tetrahedral complex 
[CoBr3 (CH3COOH)]. Optical measurements, gas 
chromatography, ion migration experiments and magnetic 
measurements9 6 also indicated that cobalt(II) acetate and 
cobalt(III) acetate in acetic acid formed the complexes 
[Co(CH3COO)2 (CH3COOH)4] and [Co(CH3COO)3 (CH3COOH)3] 
respectively. Conductivity, density and viscosity data 
were used to suggest the existence of the antimony(V) 
complexes SbCl5 .2RCOOH (R = CH3, C2H5 or C3 H7)97.
The adduct [A1 (OOCH)3] .HCOOH9 8 was obtained from 
aluminium (III) acetate and formic acid. However, if it is 
heated at 165 - 175 °C in vacuo for 2-3 h then [Al(00CH)3] 
is obtained. There was no difference between the infrared 
spectra of these two aluminium complexes in 
the 700 - 200 cm" 1 region where Al-0 stretches occur.
This is evidence that the formic acid molecule was 
hydrogen-bonded and not coordinated to [Al(OOCH)3]. The 
compounds9 9 were found to be isomorphous. A similar 
phenomenon, loss of formic acid on heating, also occurs in 
the vanadium(III) complex [V (OOCH)3 ].HCOOH1 0 0 and therefore 
the acid is not coordinated to the vanadium.
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There are several compounds reported to contain 
coordinated acid (Table 3.5), characterised only by metal, 
halide and carbon analyses. No spectral data are available 
and therefore the manner of coordination is not known; 
however in light of more recent work6 6 ' 7 1 ' 7 5 it is thought 
that these compounds do contain coordinated acid.
Table 3.5
Metal-Acid Aducts Established by Elemental Analyses Only
Complex R Ref
RCOOH.SbCl5 H, ch3, c6h5, C6H4C1 1 0 1
R(COOH)2 .SbCl5 CHa: (CH2 ) 2 1 0 1
MgBr2. 6 RCOOH H, ch3 1 0 2
Mgl2 • 6 RCOOH H, ch3 1 0 2
CaCl2 .4RCOOH H, ch3 1 0 2
A series of tin(IV) complexes103, SnCl4 .2RCOA where A 
= OH, OCH3 or 0(C2H5) and R = phenyl, oxyphenyl, 
methoxyphenyl or cinnamenyl have also been prepared and 
characterised by elemental analyses. These compounds were 
the first proposed to contain an acid or an ester 
coordinated through the carbonyl oxygen (Figure 3.3).
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First Structure Proposed with Metal-to-Acid Bonds 
Conclusions
Carboxylic acids, especially acetic acid, can act as 
neutral ligands instead of forming carboxylato-complexes. 
The best confirmation is single crystal X-ray anlysis 
because of its ability to show directly that the carbonyl 
oxygen is coordinated to a metal atom65. Another 
technique, though less reliable, is infrared spectoscopy 
where the lowering of the carbonyl stretching frequency 
from ca 1770 cm’ 1 to ca 1660 cm’ 1 indicates coordination 
via the carbonyl oxygen71.
The crystallographic investigations generally show 
complex and extensive hydrogen-bonding which appears to be 
essential for the stability of the structure. It is 
reasonable to assume that hydrogen-bonding also occurs in 
the compounds, the structures of which have not been 
determined by X-ray crystallography.
All of these compounds are obtained from acidic 
media, which inhibit the loss of a proton and formation of 
a carboxylate.
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CHAPTER 4
Starting Materials for Vanadium(II) Chemistry II. 
Reactions of Vanadium Metal with Hydrogen Chloride and 
Hydrogen Bromide in Non-Aqueous Solvents
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Introduction
Like chromium, vanadium metal does not react with 
acetic acid, but chromium metal reacts with HC1 in acetic 
acid or thf119. Therefore the reactivity of vanadium metal 
with HC1 and HBr in non-aqueous solvents for the 
preparation of vanadium(II) starting materials directly 
from a water-free environment was investigated. The non- 
aqueous solvents investigated were glacial acetic acid, 
formic acid, propionic acid, methanol, thf, 1 ,2 - 
dimethoxyethane and diethyl ether.
Few carboxylic acid or even carboxylato complexes of 
vanadium(III) have been reported104. No carboxylic acid 
complexes of vanadium(II) are known and an attempt to 
prepare vanadium(II) acetate by dissolving freshly 
precipitated vanadium(II) carbonate in acetic acid gave a 
product1 0 5 heavily contaminated with vanadium (III). The 
trinuclear complex [V3 ( 3^-0) (CF3C02)6(thf )3], which has been 
obtained from the reaction of [V2 ( A^-Cl)3(thf )6 ]2 [Zn2Cl6] 
with sodium trifluoroacetate, formally contains one 
vanadium(II) and two vanadium(III) atoms55. Several 
vanadium (III) carboxylates [V(RC02)3] (R = H1 0 0 or 
CH3106'107), [V2 (RC02 )J, (R = CH3 or C6H5108) and 
[V30) (CH3COO)6 (CH3COO)2 (CH3COOH) ]89, [V30(00CH)6] (OOCH) ,
4HCOOH9 0 and [V^-O) (CH3C02 )6 (CH3C00H)2 (thf) ] [VC1< 
(CH3COOH) 2 ] 5 5 are known. These were obtained from 
reactions between [VCl3 (thf)3] (or VB2108) and the 
respective acid. The formulation of [V3 (*3-0)
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(CH3C02) e (CH3COOH) 2 (thf) ] [ VC14 (CH3COOH) 2 ] as a salt of a 
trinuclear, oxo-centred cation containing bridging acetate 
and terminal acetic acid groups, and an octahedral anion 
with coordinated acetic acid, is based on crystal 
structure data and the preparative method. The other 
trinuclear compounds have been identified on the basis of 
infrared, microanalytical and magnetochemical data. The 
anion5 5 [VCl4 (CH3COOH)2]" is also present8 1 ' 8 2 in 
[A][VX4 (CH3COOH)2], where A = NMe4 or NEt4 and X = Cl or Br, 
and A = pyH, X = Cl. These complexes were also obtained 
by the reaction of vanadium(III) chloride, VC13 .6H20, with 
[A]C1.H20 in acetic acid with either addition of acetyl 
halide or by passing hydrogen halide gas through the 
solution.
Experimental
Preparations and physical measurements were carried 
out with the exclusion of air as described earlier. 
Vanadium turnings (99.7%) were obtained from Aldrich; 
acetic acid (AR) was used as received from May and Baker 
Ltd, as were the anhydrous hydrogen halides (AR) from BDH. 
All products were dried in vacuo.
1) Reactions in acetic acid, propionic acid & formic acid
a) Preparation of [VCl2 (CH3COOH)4]
Hydrogen chloride was passed through glacial acetic 
acid (75 cm3) over vanadium turnings (5 g) until rapid 
effervescence from the metal surface was observed, after 
which the flow of HC1 was stopped. The reaction mixture
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was then heated at 90 °C to give a dark blue solution.
After 8-10 h when there was no further effervescence the 
solution was filtered from the excess of metal (4 g), 
cooled and concentrated to half volume under vacuum. The 
colour changed gradually from blue to green on 
concentration. On standing for 6-12 h, blue crystals of 
[VC12 (CH3COOH)4] separated from the green solution. These 
were filtered off and washed once with acetic acid, (yield 
79%). Calculated for C8H1 6C1208V: C, 26.6; H, 4.45; V11,
14.1. Found s C, 27.0; H, 5.50; V11, 13.4%.
b) Preparation of [V(CH3COOH)6 ]Br2
Hydrogen bromide was passed through acetic acid 
(75 cm3) over vanadium turnings (5 g) until gas 
effervesced rapidly from the metal surface. The reaction 
mixture was then heated at 90 °C, and after about 3 h a 
dark green solution formed and after 8 - 1 0  h the 
effervescence ceased. The solution was filtered from the 
excess of metal (4.1 g), cooled and concentrated to half 
volume under vacuum. Over 6-12 h, purple crystals of 
[V (CH3COOH)6 ]Br2 separated from the green solution. These
were filtered off and washed once with acetic acid (yield 
75%). Calculated for C 1 2H2 4Br201 2V: C, 25.3; H, 4.25; VIX,
8.9. Found s C, 25.9; H, 4.70; V11, 8.3%.
c) Preparation of solution of vanadium(II) in propionic acid
Hydrogen chloride was passed through propionic acid
(75 cm3) over vanadium turnings (5 g) until rapid
effervescence from the metal surface was observed. The
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reaction mixture was heated to 90 °C to give a dark blue 
solution. When there was no further effervescence the 
solution was filtered from the excess of metal, cooled, 
concentrated to half volume and placed at -20 °C. No 
crystallisation occurred and after 7 days, the solution 
was taken to dryness to yield an intractable dark blue 
oil.
d) Preparation of [VCl3(HCOOH)3]
Hydrogen chloride was passed through formic acid (75 
cm3) over vanadium turnings until rapid effervescence from 
the metal surface was observed. The reaction mixture was 
heated at 85 °C for 8-10 h to give a dark green solution, 
after which the effervescence ceased. The solution was 
filtered from the excess of metal, cooled and the solvent 
removed in vacuo to yield a green solid. Calculated for 
C4H8C1208V: C, 15.7? H, 2.6? Calculated for cfH6Cl308V: C, 
12.2? H, 2.1. Found : C, 12.8? H, 3.1%.
e ) Reaction of titanium metal with HC1 in acetic acid
One experiment was carried out with titanium in an 
attempt to prepare new titanium(II) or titanium(III) 
complexes such as [TiCl2 (CH3COOH)4] or [TiCl3 (CH3COOH)3].
Hydrogen chloride was passed through acetic acid 
(100 cm3) over titanium turnings (5 g) until gas 
effervesced from the metal surface. The reaction mixutre 
was heated to 90 °C for 6  h until the effervescence 
ceased. The dark green-brown solution was filtered from 
the excess of metal, cooled and concentrated to half
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volume after which a brown solid precipitated. This was 
filtered off and washed with acetic acid. A green brown 
solid separated out from the filtrate and was filtered 
off. (IR data in cm"1: brown solid, 1700sh, 1530vs [0 
(C=0)], 1340w, 1025s {\)(C-0)], 960m, 635s, 525s, 390s, 
290s, br [^(Ti-Cl)]; green-brown solid, 1710m, 1630sh, 
1550s, br [^(C=0)], 1405w, 1345m, 1025s [^(C-O)], 960m, 
636s, 610s, 540s, 415s, 400m, 300s, br [0(Ti-Cl)]).
Table 4.1
Analytical Data* on Titanium Products (%)
Complex C H
Brown Solid 27.0 3.7
Green Brown Solid 24.0 3.2
[ TiCl2 (CH3COOH) 4 ] (27.1) (3.4)
[ TiCl3 (CH3COOH) 3 ] (2 1 .6 ) (3.6)
[ TiCl (CH3COO) 2 ] (23.9) (3.0)
[TiCl2 (CH3COO) ] (13.5) (1.7)
* Calculated values in parenthesis
The two products, however, do not match the expected 
formulations. The infrared spectra of these solids do not 
contain OH bands, suggesting that an acetate complex had 
formed, the analytical data (Table 4.1) of the green brown 
solid suggest that it is [TiCl(CH3COO)2], which has been
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reported previously1 1 5 as a yellow-brown solid. The brown 
solid has yet to be identified, although in a reaction 
between TiCl3 and acetic anhydride, the brown mono 
(acetato)-complex [TiCl2 (CH3COO) ] 1 1 5 was obtained.
2) Reactions in neutral non-aqueous solvents
a) Methanol - Preparation of [VC13 (CH30H)3]
Hydrogen chloride was passed through methanol 
(75 cm3) over vanadium turnings (5 g) until gas 
effervesced rapidly from the metal surface. The reaction 
mixture was heated at 60 °C for 5-6 h to give a dark green 
solution. When there was no further effervescence, the 
solution was filtered from the excess of metal, cooled, 
concentrated to 20 cm3 and placed at -20 °C for 12 h. A 
green solid separated and this was filtered off. 
Calculated for C 3^ H 1 2C1303Vs C, 14.2; H, 4.8; V11, 0. Founds
C, 14.7; H, 5.7; Vn , 2.7%.
b) Methanol - Preparation of VBr2 (CH3OH) (H20 )
Hydrogen bromide was passed through methanol (75 cm3) 
over vanadium turnings (5 g) until gas bubbled from the 
metal surface. The reaction mixture was heated at 60 °C 
for 5 h until the effervescence ceased. The blue solution
was filtered from the excess of metal, cooled and 
evaporated to dryness to yield a light turquoise solid 
which analysed as [VBr2 (CH3OH) (H20) ]. Calculated for 
CH6Br202V : C, 4.6; H, 2.4; V11, 19.5. Founds C, 4.8; H,
2.5; V11, 16.0%.
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c) Preparation of a solution of vanadium(II) in 
tetrahydrofuran
Hydrogen chloride was passed through thf (100 cm3) 
over vanadium turnings (5 g) until effervescence was 
observed. The reaction mixture was allowed to stand for 7 
days, after which a dark green solution was obtained.
This was filtered from the excess of metal and placed at 0 
°C for 24 h. There was no precipitation and therefore the 
solvent was removed to yield a dark green oil. When the 
oil was redissolved in thf and concentrated again the oil 
reformed. From the colour vanadium(II) was present, but 
no further work was carried out.
d) Reaction of HC1 with vanadium in 1,2-dimethoxyethane
Hydrogen chloride was passed through 
1 ,2 -dimethoxyethane ( 1 0 0  cm3) over vanadium turnings until 
effervescence was observed from the metal surface. The 
reaction mixture was heated at 75 °C for 4-5 h until the 
effervescence ceased. The red solution was filtered from 
the excess of metal, cooled, concentrated to 50 cm3 and 
placed at 0 °C. A white gelatinous precipitate appeared 
and was filtered off. The filtrate was taken down to 
yield a red oil which could not be broken.
e) Reaction of HC1 with vanadium in diethyl ether
Hydrogen chloride was passed through diethyl ether 
(75cm3) over vanadium turnings (5 g) until effervescence 
was seen. The reaction mixture was heated at 30 °C for
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4-5 h until the effervescence ceased. The green solution 
was filtered from the excess of metal, concentrated to 
30 cm3 and placed at -20 °C for 12 h. There was no 
precipitation and therefore the solvent was removed in 
vacuo to yield a dark green oil which could not be broken,
f) Reaction of HBr with vanadium in diethyl ether
Hydrogen bromide was passed through diethyl ether 
(75 cm3) over vanadium turnings (5 g) until effervescence 
from the metal surface was observed. The reaction mixture 
was heated at 30 °C for 4 h until there was no further 
effervescence (solution changed colour from orange to 
green). The green solution was filtered from the excess 
of metal, concentrated to 30 cm3 and placed at -20 °C for 
12 h. There was no precipitation and therefore the 
solution was taken almost to dryness to yield a green oil 
which could not be broken.
If after the HC1 or HBr has been passed the reaction 
mixture is allowed to stand for several days before 
heating, the yields in the successful reactions are 
greatly increased. An excess of metal was used to 
maintain a reducing environment.
3) The X-ray crystal structure analysis of [VCl2 (CH3COOH)J
Crystal Data - C8H1 6C1208V, Mr = 362.06, triclinic, a = 
7.821(1), b » 7.873(2), c = 7.864 (1) A,fcC= 61.50(2)°,
= 70.72(1)°, 63.83(2)°, V = 377.5 A3, space group
PI, Z = 1, Jk = 1.592 g cm-3, F(OOO) = 185,
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o
graphite-monochromated Mo-K^ radiation, (> = 0.71073 A), 
yMMo-K* ) = 10.18 cm" 1
Data Collection - A crystal of the vanadium(II) 
complex of approximate dimensions 0.6 x 0.25 x 0.20 mm was 
sealed in a Lindemann capillary under dinitrogen.
Cell parameters were determined using 25 accurately 
centred reflections in the range 14°<9<16°. The intensity 
data were measured in the range 1°<0<26°, (0<h<9,
-9<k<9, -9<1<9), for a hemisphere of reciprocal space 
using the w/20 scan mode, which yielded a total of 1597 
reflections, 1467 having I>3§"(I). Corrections were 
applied for Lorentz and polarization effects and for a 
2 .1 % decay in the monitored reflection over the period of 
data collection. No suitable reflections were available 
for ^  measurements and consequently no empirical 
absorption could be applied.
Structure Solution and Refinement - The near perfect 
centro-symmetric nature of the molecule dominated the 
intensity distribution of diffraction pattern such that 
the N(z) statistical test gave a near perfect centre 
distribution, and so, initially, all calculations were 
done in the wrongly assumed space group of PI. From the 
Patterson map vectors were chosen for V-Cl and two V-0 
distances. These corresponded to the expected octahedral 
coordination around the V atom. On the assumption that 
the space group was PI, and that the cell volume could 
only accommodate one molecule, the V atom was sited at the
Page 72
origin. Conventional heavy atom refinements produced the 
remaining atoms of the structure. However, isotropic 
refinement of all atoms did not yield an R value below 
0 .20.
On changing the space group to PI and introducing the 
other half of the molecule as independent non-symmetry 
related atoms, isotropic refinement rapidly converged at R 
= 0.075. An absorption correction by DIFABS4 3 reduced R 
to 0.062, (min/max correction 0.17/0.78).
The hydrogen atoms attached to the methyl carbon atom 
were included in calculated positions, (C-H = 1.0 A).
Full anisotropic refinement, V and Cl at first, then all 
non hydrogen atoms) converged at R = 0.033, Rw = 0.051, 
esd of unit length = 1.15, using the weighting scheme w =
[ (F )2) + (0.04F)2 + 4.0] 1 0 9 where the coefficients were
adjusted to give a near linear R-normal probability 
plot4 4 of slope 1.08. Near the end of the refinement a 
difference map showed small peaks of 0 .6 -0 . 8  electrons. 
These could be the associated hydrogen atoms of the 
hydroxyl oxygen atoms 0(12), 0(22), 0(32), 0(42), (Figure
4.1).
The hydrogen atom of 0(12) was displaced from its 
expected position, but the other three were better placed.
e
0-H distances being in the range 0.9-1.07 A (Table 4.2), 
but the angle H(12)-0(12)-C(ll) was 90° compared with 
102°-105° for the other three (Table 4.2).
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Figure 4.1
Atom Numbering Scheme and Structure of [VCl2 (CH3COOH)4]
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The positions of these four hydrogen atoms were 
included in the final stages of refinement, but not 
refined. No other significant peaks were present in the 
difference map. All calculations were performed using the 
Enraf Nonius structure determination package45.
4) The X-ray crystal structure analysis of [V(CH,COOH)JBra
Crystal Data - C1 2H2 4Br201 2V, Mr = 571.08, monoclinic, a 
= 9.017(1), b = 14.256(3), c = 9.133(5) A, J3 =
100.08(03)°, V = 1155.9 A3, space group P22 /n, Z = 2, Dp = 
1.643g cm"3, F(OOO) = 570, graphite-monochromated Mo-Koc 
radiation, ( X =  0.71073 A ), ^  (Mo-Kx ) = 38.91 cm"1.
Data Collection - A crystal of the vanadium(II) 
complex of approximate dimensions 0.3 x 0.3 x 0.2 mm was 
sealed in a Lindemann capillary under dinitrogen.
Cell parameters were determined using 25 accurately 
centred relections in the range 10°<6<13°. The intensity 
data from two octants of reciprocal space were measured in 
the range 1°<0<25°, (0<h<10, 0<k<16, -10<1<10), which 
yielded a total of 2263 reflections, 1491 having I>3cT(I). 
The space group was determined by inspection of the 
systematic absences occurring for hOl (h and 1 odd) and 
OkO (k odd).
After the usual Lorentz and polarization corrections, 
a correction was made for a 6.9% decay in the monitored 
reflection over the period of data collection. An 
empirical absorption correction was applied (min/max =
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c Table 4.2
Bond Lengths (A) and Angles (°) for [VC12(CH3C00H)J with
e.s.d.s. in Parentheses
V-Cl(l) 2.493(1) 0 ( 2 2 )-C ( 2 1 1.310(4)
V-Cl(2) 2.500(1) 0  (31)-C(31 1.244(4)
V-O(ll) 2.145(3) 0(32)-C(31 1.316(4)
V-0(21) 2.149(3) 0 (41)-C(41 1.223(5)
V-0(31) 2.116(2) 0(42)-C(41 1.305(4)
V-0(41) 2.090(4) C (1 1 )-C ( 1 2 1.572(6)
0(H) -C (11) 1.196(4) C (2 1 )-C ( 2 2 1.513(7)
0(12)-C(11) 1.280(4) C(31)-C(32 1.407(5)
0 (2 1 )-C(2 1 ) 1.207(4) C(41)-C(42 1.461(7)
Cl(1)-V-Cl(2) 179.60(2) 0(31)-V-0(41) 91.3(1)
Cl(l)-V-0(11) 88.46(6) 0(11)-C(11 -0(12) 124.4(1)
Cl(1)-V-0(21) 88.34(6) 0(11)-C(11 -C(12) 123.0(3)
Cl(1)-V-0(31) 92.20(6) 0 (1 2 )-C(1 1 -C(12) 112.6(3)
Cl(1)-V-0(41) 91.78(6) 0(21)-C(21 -0(22) 124.5(4)
Cl(2)-V-0(11) 91.18(6) 0 (2 1 )-C(2 1 -C(22) 119.8(3)
Cl(2)-V-0(21) 91.50(6) 0(22)-C(21 -C(22) 115.5(4)
Cl(2)-V-0(31) 88.16(6) 0(31)-C(31 -0(32) 122.0(3)
Cl(2)-V-0(41) 88.38(6) 0(31)-C(31 -C(32) 123.5(3)
0(11)-V-0(21) 91.20(1) 0(32)-C(31 -C(32) 114.4(3)
0(11)-V-0(31) 179.2(1) 0 (41)-C(41 -0(42) 121.0(5)
0(11)-V-0(41) 88.30(1) 0 (41)-C(41 -C(42) 126.6(3)
0(21)-V-0(31) 89.20(1) 0(42)-C(41 —C (42) 112.3(4)
0(21)-V-0(41) 179.5(1)
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0.887/0.999) with an average correction of 0.940.
Structure solution and refinement - Since there are 
only two vanadium atoms in the unit cell, they must be at 
centres of symmetry. From the Patterson function the 
positions of the bromine atoms and the correct relative 
pair of centres of symmetry for the vanadium atom were 
chosen. Least-squares refinement of these two atoms 
followed by an electron density calculation served to 
produce the rest of the structure. Isotropic refinement 
of all atoms converged at R = 0.132.
The program DIFABS4 3 was used to supply an absorption 
correction. A further refinement with the bromine and 
vanadium atoms anisotropic, the remainder isotropic, 
converged at R = 0.064. Full anisotropic refinement of 
all atoms converged at R = 0.047. From a difference 
Fourier synthesis, the hydrogen atoms of the hydroxyl 
groups were identified along with the hydrogen atoms of 
the methyl groups. The latter hydrogen atoms were kept 
fixed, but the hydroxyl hydrogen atoms were included in 
the last three cycles of refinement when R converged to 
0.042, Rw = 0.054 and S (estimated standard deviation of 
observation of unit weight) = 1.162, using the weighting 
scheme w = [fl"(F)2) + (0.04F)2 + 4.0]44. The highest 
residual peak in a final differance map was 0.32 
electrons. Atom coordinates, selected bond distances and 
angles are given in Table 4.3.
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Table 4.3
©
Bond Lengths (A) and Angles (°) for [V(CH3COOH) JBr2 
with e.s.d.s. in Parentheses
V-0(1) 2.113(3)
V-0(2) 2.121(3)
V-0(3) 2.109(4)
0(1)-C(1) 1 .2 1 2 (6 )
0 (2 )-C(2 ) 1 .2 2 0 (6 )
0 (3)-C(3) 1.202(7)
0(11)-C(1) 1.309(7)
0(11)-H(l) 1.200(9)
0(1)-V-0(2) 92.3(1)
0(1)-V-0(3) 84.6(1)
0(2)-V-0(3) 90.1(1)
C (1)-0(11)-H(1) 111.0(4)
C (2)-0(21)-H(2) 102.0(4)
C(3)-0(31)-H(3) 105.0(4)
0(1)-C(1)-0(11) 121.3(5)
0(1)-C(1)-C(11) 125.0(5)
0 ( 2 1 )-C ( 2  ) 1.312(7)
0(21)-H(2) 1.070(8)
0(31)-C(3) 1.309(7)
0(31)-H(3) 0.700(5)
C(l)-C(ll) 1.465(8)
C (2 ) -C (21) 1.485(8)
C (3 ) -C (31) 1.480(9)
0(11)-C(1)-C(11) 113.7(5) 
0(2)-C(2)-0(21) 121.6(5)
0(2)-C(2)-C(21) 125.7(5) 
0(21)-C(2)-C(21) 112.8(5) 
0(3)-C(3)-0(31) 122.3(5) 
0(3)-C(3)-C(31) 124.4(5) 
0(31)-C(3)-C(31) 113.4(5)
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Figure 4.2
Intramolecular Hydrogen-Bonding in [VC12 (CH3COOH ) 4 ]
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Figure 4.3
Atom Numbering Scheme and Structure of [V(CH3COOH),]Br2
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Results and Discussion
The reactions discussed above show that vanadium 
metal will react with hydrogen chloride and hydrogen 
bromide in various non-aqueous solvents.
The blue crystals obtained from the reaction of 
vanadium metal and HC1 in acetic acid were originally 
thought to be vanadium(II) acetate. The analytical and 
infrared data (Table 4.4) however, suggested otherwise.
The infrared spectrum contained peaks at 3340 cm" 1 
 ^(OH), 1675 cm" 1 (}(C=0)) and 290 cm” 1 (^(V-Cl)). This 
indicated the presence of coordinated acetic acid and 
chloride, and the carbonyl frequency was also lower than 
expected for free acetic acid which suggested that the 
carbonyl oxygen could be coordinated71. Therefore 
[VCl2 (CH3COOH)4] was suggested for the structure and the 
analytical data supported this conclusion. This 
structure, with coordinated acetic acid, was confirmed by 
the X-ray single crystal structure determination.
Similar conclusions were reached about the purple 
crystals obtained from the hydrogen bromide-acetic acid 
reaction. The structure of [V(CH3COOH)6 ]Br2 was confirmed 
by single crystal X-ray analysis.
In the VC1204 coordination sphere of [VCl2 (CH3COOH)4]
the internal angles are 89-92°, the average V-Cl distance
o ©
is 2.500 A and the V-0 distance is 2.125 A (range 2.09-
2.15 A) (Figure 4.1). The vanadium (III) anion [VCl4 (CH3COOH)2]"
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Table 4.4
Infrared Data (cm"1) of Acetic and Formic Acid Complexes
[V(CH3COOH)4Cl2] [V(CH3COOH)6 ]Br2 [VCl3 (HCOOH)3] Assignment
3340m, br
2505m
2300m
2160m
1790m
1675vs
1360m
1260vs
1055m
1 0 2 0 s
900m
850s
840s
630vs
490s
3170m, br 3300vs, br [0 (OH)]
1655s
1340m
1 2 2 0 s
1045m
1 0 2 0 s
900s
785m
625s
550m
467s
310s
1710m
1600s, br [i(C=0)]
[^ (COOH)]
[£(o -h h
750m, br
590s
430s
290s
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has an octahedral structure with internal angles of 87-92°
o
and average V-Cl distances of 2.336 A and V-0 distances of
o
2.089 A. The V-Cl distances of the vanadium(III) anion
o
are shorter by approximately 0.17 A, but the oxidation
state difference has less effect on the V-0 distances.
o
The V-0 distance of 2.125 A is close to those reported 
previously for the vanadium(II) complexes [V(CH30H)6 ]C12  
(V-0 = 2.132 A ) 1 1 0 and [V(H20)6] (CF3S03 ) 2 (V-0 = 2.120 A)111.
o
The V-Cl distance of 2.500 A is also close to the value 
reported in [VCl2 (py) 4 ] U 2  (V-Cl = 2.462 A). There are no 
unexpected bond distances present in the structure (Table
4.2). Other C-0 and C-C distances are normal except for 
C(31)-C(32), which is unusually short. A bond scan around 
each Cl atom shows that 6  oxygen atoms cluster in a
o
hemisphere around each Cl atom, with distances 3.01-3.34 A
suggesting a weak hydrogen bond interaction. Figure 4.2
shows the arrangement for each Cl atom, for which the
closest approach distances are:
Cl(1)-0(42) = 3.01 A C1(1)—O (32) = 3.01 A
Cl(2)-0(12) = 2.97 A Cl(2)-0(22) = 3.02 A
The hydrogen bonding is unusual in being entirely
intramolecular.
In [V (CH3COOH) 6 ] Br2, the V06 octahedron is symmetrical
with internal angles of 85-94°. The average V-0 distance 
c
of 2.11 A is close to those discussed above and is greater
©
than the Ni-0 values of 2.06 A found in the analogous 
nickel(II) complex [Ni(CH3COOH)6] (BF4 ) 2 6 5 . The bromine
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atom is surrounded by three hydroxyl groups with Br-0
o
distances of 3.13-3.19 A and corresponding Br-H distances 
o
of 1.96-2.53 A. This would suggest that the hydroxyl 
hydrogen is intermolecularly hydrogen-bonded to the 
bromine atom (Figure 4.4). A similar pattern is also 
observed in the nickel(II) complex [Ni(CH3COOH)6] (BF4)2<5f 
where the hydroxyl hydrogens are intermolecularly 
hydrogen-bonded to a tetrafluoroborate fluorine atom
Table 4.4 
Magnetic Data on [VCla(CH3COOH)4]
T(K) i ° * x A
(c.g.s units) (c.g.s units)
295* 3.87
290 6410 156 3.86
264 7210 139 3.90
231 8125 123 3.87
198.5 9309 107 3.84
167 10970 91.0 3.83
137 13450 74.0 3.84
108.5 17540 57.0 3.90
93.5 20060 50.0 3.87
90*
8  = - 1 ° 10* = 172
3.87
* Calculated from least squares plot 
o ©
(F-H = 1.814 A, 2.055 A) whilst simultaneously being 
intramolecularly hydrogen-bonded to the carbonyl oxygen.
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Figure 4.4 
Packing Diagram of [V(CH3COOH),]Br
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This is not observed in [V(CH3COOH)6 ]Br2 and there is no 
intramolecular hydrogen-bonding in contrast to 
[VCl2 (CH3COOH)4].
The presence of coordinated acid in both complexes 
was confirmed by the carbon-oxygen bond distance (Tables
V
4.2, 4.3), with the shorter distance of ca 1.2 A being
©
that of C=0 and the longer distance of ca 1.3 A being that 
of C-OH.
Table 4.5 
Magnetic Data on [V(CH3COOH)JBr2
T(K) io6 oca
(c.g.s units)
Of" 1*(c.g.s units) /*•«
295* 3.85
294 6252 160 3.83
264 7068 142 3.86
232 8024 125 3.86
199 9313 107 3.85
168 11130 90.0 3.87
136 13730 73.0 3.86
105.5 17800 56.0 3.88
93 20660 48.0 3.91
90*
8  = 4° 106#l= 259
3.90
* Calculated from least squares plot
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[VCl2 (CH3COOH)4] and [V(CH3COOH)6 ]Br2 are typical 
vanadium(II) complexes, with essentially temperature- 
independent effective magnetic moments (Tables 4.4 and
4.5, Figures 4.5 and 4.6) close to the spin-only value of 
3.87^g expected for a magnetically-dilute 3d3 ion with 
octahedral symmetry. The fact that the magnetic moments 
did not vary with temperature indicates that the complexes 
have monomeric structures, as confirmed by the crystal 
structures.
Table 4.6 
Magnetic Data on [VCl3 (HCOOH)3]
T(K) io6# a
(c.g.s units) (c.g.s units)
yKff
295“ 3.17
296 4259 235 3.18
263 4646 215 3.13
230.5 5129 195 3.07
197.5 5677 176 2.99
166.5 6458 155 2.93
134.5 7408 135 2.82
106.0 8724 115 2.72
89 9515 105 2.60
90*
CD II 00 \o o 1 0 6tf = 1 2 0  
L
2.60
* Calculated from least squares plot
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Figure 4.5) The temperature variation of the atomic 
susceptibility (OC 4 1) and effective 
magnetic moment (^.«) [VCl2 (CH3COOH)4]
150
4.0100
3.5
•tt
100 200Temperature(K)
Figure 4.6) The temperature variation of the atomic 
susceptibility ( X ^ 1) an<* active 
magnetic moment ( ^  f) of [ V (CH^COOH) # ] Bra
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The reaction between vanadium metal, formic acid and 
hydrogen chloride gas produced a green solid, which was 
expected to be [VCl2 (HCOOH)4] from the previous acetic 
acid experiments. The infrared spectrum indicates the 
presence of formic acid, but the analytical data do not 
agree with this formulation. The data do concur however, 
with the formula [VCl3 (HCOOH)3] and the oxidation state of 
vanadium(III) was confirmed by magnetochemical 
investigations. The effective magnetic moments are 
temperature-dependent, eg. 3 . 1 8 at 295 K and 2.60^g at 
90 K, and the Curie-Weiss law is obeyed with 8  = 89°. The 
spin-only moment is 2 . 8 3 for a 3d2 system, but six- 
coordinate, magnetically-dilute vanadium(III) complexes do 
exhibit temperature-variable magnetic moments1 1 3 (Table
4.6, Figure 4.7).
The formic acid reaction was carried out under the 
same conditions as the acetic acid reactions, and it is 
not known why a vanadium(III) compound was produced 
instead of a vanadium(II) compound. Similarly, reaction 
between vanadium, hydrogen chloride and methanol produced 
a green solid identified as the vanadium(III) complex 
[VC13 (CH30H)3] from the analytical data and not 
[VC12 (CH30H)4].
When the methanol reaction was repeated with hydrogen 
bromide instead of hydrogen chloride, a vanadium(II) 
compound [VBr2 (CH3OH) (H20) ] was obtained. The infrared 
spectrum of this complex contains peaks at 3380 cm" 1
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susceptibility and effective
magnetic moment (^A.ff) of [VCl3 (HCOOH)3]
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1 1 , 1 1 1  cm” 120,000 14,285
Figure 4 . 8  
Reflectance Spectrum of [VCl2 (CH3COOH)4]
20,000 1 1 , 1 1 1  cm”14,285
Figure 4.9 
Reflectance Spectrum of [V(CH3COOH)4 ]Br2
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11,11120,000 14,285
Figure 4.10 
Reflectance Spectrum of [VCl3 (HCOOH)3]
<D
Uc
(d
Au
oma
20,000 14,285 11,111
Figure 4.11 
Reflectance Spectrum of [VC13 (CH30H)3]
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(OH)) and 1010 cm- 1 (^(C-O)) which indicates the 
presence of methanol. There is also a peak at 1595 cm" 1 
and this is thought to be due to$ (H20). The analytical 
data agree with this formulation and the water is thought 
to be adventitious, even though the methanol had been 
distilled under nitrogen before use.
The diffuse reflectance spectra (Table 4.7, Figures 
4.8, 4.9) of [VCl2 (CH3COOH)4] and [V(CH3COOH)6 ]Br2 contain 
absorption bands which are assignable to the transitions 
4A2, -> 4T2„  (}2), 4A2, -> 4Tl9 (F), (02), and 4A2, -> % ,
(P )r (■)3 ), expected for vanadium(II) in octahedral 
symmetry. The difference between the spectra of the two 
complexes is due to the number of oxygen atoms coordinated 
to the vanadium atom and to tetragonal distortion in 
[VCl2 (CH3COOH)4] causing some broadening of the band and 
possibly of the ^ 2 band. Also the bands observed in the 
spectra of both these complexes were asymmetric. As 
expected the band positions are close to those reported 
previously for [VC12 (C2H50H)4] and [V(C2H5OH)6 ]Br2114.
The reflectance spectra of [VCl3 (HCOOH)3] and 
[VC13 (CH30H)3] should contain the absorption bands which 
are assignable to the transitions 3Tlg -> 3T2 g (0X),
3Tlg -> 3Tlg (J2) and 3Tlg -> 3A 2 g (^3) expected for 
vanadium (133) in octahedral symmetry116. The ) 3 band 
however is not observed in these two complexes, either 
because it is obscured by charge transfer bands or because 
the transition is too weak to be observed. The values
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obtained are close to those of the known octahedral 
vanadium (III) complex [VC13 (CH3CN)3].
Table 4.7 
Reflectance Data (cm'1)
Complex Ol Oa O3
[V(CH3COOH)4Cl2] 12500s,br 16500s 27200m
[ V (CH3COOH) J3r2 1 2 1 0 0 s,br 18100s 27400m
[VCl3 (HCOOH)3] 16500 23300 -
[VC13 (CH30H)3] 15600 22700 -
[VC13 (CH3CN)3] 15000 25900 —
Conclusions
Vanadium has been shown to react with HC1 and HBr in 
various non-aqueous solvents. From acetic and formic 
acids the complexes [VCl2 (CH3COOH)4], [ V (CH3COOH) 6 ] Br2 and 
[VCl3 (HCOOH)3] were obtained, whilst from methanol the 
complexes [VC13 (CH30H)3] and [VBr2 (CH3OH) (H20) ] were 
isolated. Reactions were observed in propionic acid and 
thf. Although it was not possible to isolate a solid, the 
solution in propionic acid can be used as a source of 
vanadium(II)117. It has clearly been shown that HC1 and 
HBr reactions provide viable synthetic routes into 
vanadium(II) chemistry.
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CHAPTER 5
Complexes of Vanadium with Tertiary Phosphines I 
Introduction and Review
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Introduction and Review
During research into the chemistry2 of molybdenum 
related to the functioning of nitrogenase, it was found 
that the molybdenum(II)-tertiary phosphine complex 
[MoCl2 (dppe)2] could be reduced by Mg under dinitrogen to 
give the molybdenum(O) complex [Mo(N2 )2 (dppe)2]. It is 
also known that vanadium(II) in alkaline conditions will 
reduce dinitrogen to ammonia and a vanadium-based 
nitrogenase has been described. As a result there is 
considerable interest in the synthesis, characterisation 
and reactions of vanadium-phosphine complexes, in the hope 
of obtaining well characterised vanadium-dinitrogen 
complexes, the reactions of which would help in 
understanding the chemical mechanism of the vanadium 
nitrogenase. This interest has been further enhanced by 
the recent preparation1 1 9 of the chromium(O) complex 
[Cr(N2 )2 (dmpe)2] by the reduction of [CrCl2 (dmpe)2] with 
sodium amalgam at 5 atm of dinitrogen.
Vanadium-phosphine complexes can be divided into 
those that contain the cyclopentadienyl (Cp) anion Oj5C5H5) 
and those that do not. The former are regarded as 
organometallic compounds and as such are only discussed 
briefly here.
Vanadium Cyclopentadienyl Phosphine Complexes
The vanadium (III) complexes [ CpVX2 (PR3) 2 ]120, prepared 
from [VX3 (thf)3] as below, are of synthetic importance 
because they provide the starting point for the rest of
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the Cp work.
CpM
[VX3 (thf)3] + 2PR3 -> [VX3 (PR3)2] -> [CpVX2 (PR3)2] + MX 
(M = Na, Tlr SnBu3\ l/2Mg)
By the reactions outlined in Scheme 1 complexes such 
as [CpVR2 (PR3 ) 2 ] 1 2 1 and [CpVX(PR3) ] 2 1 2 2 have been obtained.
^ 7  [ CpVR2 (PR3) 2 ]
RM(a)
[CpVX2 (PR3)2]
A1 Zn
[CpVX(PR3 ) ] 2
PR,
[CpVX(PR3) 2 ]
dppe [ CpVX (dppe) ]
dmpe [ CpVX (dmpe) ]
[ CpV (BH4) (dmpe) ]
[CpVR(dmpe)]
H, H,
[{CpV(^-H)(dmpe)>2]
[ {CpVH(dmpe) } 2 (^-dmpe) ]
RM (a) = MeLi, PhMgBr 
RM (b) = MeLi, i-PrMgCl, PhLi 
Scheme 1 - Reactions of Vanadium Cp Phosphine Complexes
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Some of these complexes have unusual magnetic 
properties. The vanadium(II) hydride [{CpVjf^-
H) (dmpe) } 2 ] 1 2 3 is diamagnetic, whereas the corresponding 
complex [ {CpVH(dmpe) }2 (^v-dmpe) ] 1 2 3 is paramagnetic. These 
observations, however, were based on NMR evidence and no 
magnetic moments were determined. The diamagnetism of the 
first complex is unusual as vanadium(II) has 3 unpaired 
electrons and may be due to metal-metal bond formation or 
interaction through the hydride bridges. Other magnetic 
anomalies occur in the complex [CpV(BH4) (dmpe) ]. Solution 
magnetic measurements using the Evans method1 2 4 indicated 
thatjk.££ equals at 295 K. This could be because
the complex does not contain vanadium(II), but contains 
vanadium(IV), a d1 ion, which is unlikely given the 
stoichiometry, or because the complex contains 
vanadium(II) and is an example of a low-spin d3 compound 
with one unpaired electron. This would be unusual, other 
organometallic compounds such as [ CpVMe (dmpe) ] {^  9tt value 
of 3.6jUg at 295 K) have 3 unpaired electrons.
The only examples of vanadium(II) carbonyls are 
[CpV(CO)2 (dppe) ] (PF6 ) 1 2 5 and [CpV(CO)3 (PPh3) ] (PF6 ) 1 2 5 which 
were prepared by oxidation of the corresponding 
vanadium (I) complexes, [ CpV (CO) 2 (dppe) ] and 
[CpV(CO)3 (PPh3) ], with [NO][PF6], (^CO) = 2065, 2015 cm" 1 
(PPh3 derivative) and 2000, 1945 cm" 1 (dppe derivative).
They are, however, very unstable to light and vacuum, 
decomposing within 30 minutes.
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Vanadium-Tertiary Phosphine Complexes
Vanadium-tertiary phosphine complexes can be divided 
into two subgroups; those with monodentate phosphines and 
those with bidentate phosphines. As can be seen from 
Tables 5.3 and 5.4, the majority of monophosphine 
complexes occur with vanadium(III). This is probably due 
to the lack of a suitable vanadium(II) starting material. 
However, most of the few known diphosphine complexes occur 
with vanadium(II).
Table 5.1
Vanadium(lII) Cp Phosphine Complexes
Complex fit' (295 K) Ref
[CpVCl2 (PMe3)2] - 1 2 0 +
[ CpVBr2 (PMe3) 2 ] - 1 2 0
[ CpVCl2 (PEt j) j ] - 1 2 0
[ CpVBr2 (PEts) 2 ] - 1 2 0
[Cp'VCl^PMe^J - 1 2 0
[ Cp'VClj (PEtj) j ] - 1 2 0
[Cp‘VBr2 (PEt2)2] - 1 2 0
[CpVMe2 (PMe2)2] 2.74 1 2 1 “
[CpVMe(Cl) (PMe3)2] - 1 2 1
[CpVPh2 (PMe2)2] 2.74 1 2 1 “
+ Reference for Structural Analyses 
” Reference for
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Table 5.2
Vanadium(Il) Cp Phosphine Complexes
Complex f*.tt (295 K) Ref
[CpVCl(PMe3)2] - 122
[ CpVCl (PEt3) 2 ] - 122+
[Cp1VCl(PMe3)2] - 122
[Cp1VCl(PEt3)2] - 122
[CpVBr(PEt3)2] - 122
[CpVCl (PMe3)2] - 122
[CpVCl(dmpe)] 3.80 122"
[CpVCl(dppe)] - 121+'"
[CpVMe(dmpe)] 3.60 121
[ CpVPr (dmpe) ] 3.60 121
[CpVPh(dmpe)] 3.60 121
[CpV(BHJ (dmpe) ] 1.60 121+'"
[CpV(^-H)(dmpe) ] 2 Diamagnetic 123+
[ CpVH (dmpe) ] 2 (fc-dmpe) - 123
[CpV(CO)j(dppe) ] (PF.) - 125
[CpV(C0)2(PPha)](PFs) — 125
+ Reference for Structural Analyses 
■ Reference for t  •it
Cp1 = c5h4ch3
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Table 5.3
Vanadium(IlI) Phosphine Complexes
Complex t^.££ (295 K) Ref
[VCl3 (dmpe) (thf) ] - 1 2 0
[ VC13 (PMePH2) 2 ] 0, 4C5H1 2 2.78
[VCl3 (PMePh2)2] 2.77 126"'+
[ VC13 (PMePh2) 2 (MeCN) ] 2.64 126"'+
[ V (BH4) 3 (PMe3) 2 ] - 127+
[VCl3 (PMe3)2] - 128
[VCl3 (PEt3)2] 2.83 128"
[VCl3 (PPr3)2] - 128
[ V (NCS) 3 (PMe3) (MeOH) 2 ] - 129
[V(NCS)3 (PEt3 )(MeOH)2] - 129
[V(NCS)3 (PPr3) (MeOH)2] - 129
[V(NCS)3 (PBu3) (MeOH)2] - 129
[ V (NCS) 3 (PPhEt3) (MeOH) 2 ] - 129
[ V (NCS) 3 (depe) 1 / 2 (MeOH) 2 ] - 129
[ V (t-BuSi (CH2PMe2) 3C13 (thf) ] — 130
+ Reference for Structural Analyses 
* Reference for ^ .££
The vanadium(III) complexes of monodentate phosphines 
were prepared from octahedral [VC13L3] (L = thf or MeCN). 
The products, however, were usually only five coordinate
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Table 5.4
Vanadium(II) Phosphine Complexes
Complex M -££ (295 K) Ref
[VCl2 (dmpe)2] 3.70 131+'“
[VMe2 (dmpe)2] 3.70 131"
[V(NCMe)2 (dmpe)2] (BPh4 ) 2 3.40 132+'"
[V(NCEt)2 (dmpe)2] (BPh4 ) 2 3.40 132"
[ VC1 (CNBu1) (dmpe) 2 ] PF, 3.60 132"
[VtCNBi^MdmpehHPF.h 3.60 132+'"
[V(CN)2 (dmpe)2] 3.70 132"
[V(SCN)2 (dtape)2] 3.70 132"
[ V (1) x-BH4 ) 2 (dmpe) 2 ] - 127
[VBr2 (dippe) (thf )x 1/2] - 133
[VBr2 (dmpe)2] - 133
[V(^-Cl)(^-dppm)BH4 ] 2 - 134+
[VCl(dmpm)BH4 ] 2 - 135+
[Va(^-Cl),(thf)s(PPh,)]a[Zn2Cl6] - 136
(V[Zn(Cl)3 (thf) (PPh3) ]2) (CH3C12)- 136+
(V2C13 (PMe3) 6 ] (AlCl2Et2) 3.73 141+'"
[ V (PPhMe2) 2 (oep) ] - 137+
[VCl2 (PEt3 ) 2 ] 2 1.98 138
[ V (dppe) 3 ] [ V (CO) 6 ] 2 — 139
+ Reference for Structural Analyses 
■ Reference for /\££
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eg. [VC13 (PR3)2) ]128, (prepared by the addition of PR3 to 
VC13 in thf), and [V(BH4 )3 (PMe3 ) 2 ] 1 2 7 (prepared by the 
addition of LiBH4 to [VCl3 (PMe3)2]). An exception to this 
is a series of complexes [V(NCS)3L(MeOH) 2 ] 1 2 9 (L = PR3,
Table 5.3), prepared by the addition of L to K3 [V(NCS)6] 
in MeOH. These complexes are unusual in that the 
phosphine replaces one NCS' ligand only, whereas the 
solvent (MeOH) replaces 2 NCS" ligands. Recently however, 
more interest has been shown in complexes with phosphines 
of the type PMePh2 due to a report that [MoCl3 (PMe2Ph ) 3 ] 1 4 0  
can be reduced to [Mo(N2 )2 (PMe2Ph)4].
The preparation of such a vanadium(III) complex from 
[VCl3 (thf)3] and PMePh2 in benzene has been described9. A 
red crystalline solid was obtained only after layering 
with n-pentane. Single crystal X-ray structural analysis 
at -160 °C showed this solid to have the composition 
[ VC13 (PMePh2) 2 ], with a trigonal-bipyramidal structure. 
After several preparations, however, the C, H, V and Cl 
analyses did not agree with this stoichiometry (C and H 
were high, whilst V and Cl were low). *H NMR 
investigations indicated the presence of n-pentane and a 
re-evaluation of the data suggested that 
[VCl3 (PMePh2 )2 ]0.4C5 H1 2 was the product. This suggested 
that the n-pentane was acting as a "lattice guest" and 
that the crystal used in the X-ray analysis contained a 
negligible amount of n-pentane.
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Other attempts to prepare the complex have been 
successful126. [VCl3 (thf)3] and PMePh2 in toluene were used 
as before and layering with n-pentane gave a similar 
product to that described above. When [VCl3 (MeCN)3] was 
used as the starting material, however, red crystals were 
obtained without layering with n-pentane. Single crystal 
X-ray structural analysis at 25 °C indicated a composition 
of [VCl3 (PMePh2)2], again with a trigonal-bipyramidal 
structure, whose dimensions agree with the structure 
previously described (Table 5.5). When a mixture of 
[VCl3 (MeCN)3] and PMePh2 in toluene was heated under reflux 
for 1 0  h, the solution changed colour from red to dark 
green and on slow cooling, green crystals were obtained. 
Single crystal X-ray structural analysis at 25 °C showed 
the crystals to be the distorted octahedral complex 
[VCl3 (MeCN) (PMePh2)2]. The two phosphine ligands are above 
and below the plane formed by the V and Cl atoms, with the 
MeCN molecule slightly removed from this plane. The V-Cl 
bond distances in this complex are not uniform because of 
the distortion from octahedral stereochemistry and are 
longer than in [VCl3 (PMePh2)2]. When [VCl3 (thf)3] and 
PMePh2 were heated in toluene under reflux there was no 
reaction, which suggests that unlike MeCN, thf cannot form 
an adduct with [ VC13 (PMePh2) 2 ].
Attempts to prepare monodentate tertiary phosphine 
complexes of vanadium(II) have met with comparatively 
little success, due to the lack of a suitable starting
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material. The mixed metal salt [V2 (^-Cl)3(thf )6 ]2 (Zn2Cl6), 
earlier thought to be VCl2 (thf)2, has been used frequently 
with varying degrees of sucess. Addition of PPh3 to 
"VC12 (thf)/ gave [V2 (jU-Cl)3(thf )5 (PPh3) ]2 (Zn2Cl6 ) 1 3 6 and it 
was assumed that the PPh3 coordinates to the V atom. On 
addition of dichloromethane, however, this complex 
rearranged to give V[Zn(Cl)3 (thf) (PPh3) ]2 (CH2C12 ) 2 which 
single crystal X-ray analysis has shown to contain PPh3 
coordinated to the Zn atom and not to the V atom.
Therefore this is probably the case in [V2(^- 
Cl)3(thf )5 (PPh3) ]2 (Zn2Cl6) as well. The addition of PMe3 to 
[V2Cl3(thf )6] (AlCl2Et2) produced the vanadium(II) complex 
[V2Cl3 (PMe3)6] (AlCl2Et2 ) 1 4 1 shown by X-ray investigation to be 
dimeric, with bridging chlorides and terminal PMe3 groups 
coordinated to the vanadium atom.
In contrast to the above reactions, when PEt3 1 3 8 was 
added to a suspension of "VCl2 (thf)/ in benzene a dark 
green solid was obtained after layering with hexane. The 
analytical data suggested that the solid was the 
vanadium(II) complex VCl2 (PEt3)2, and a dimeric structure 
was inferred from the magnetic behaviour because the 
magnetic moment is 1.98yUg , considerably lower that the 
spin-only value of 3.87yU^ expected for a 3d3 system. It 
has been suggested1 3 8 that [VCl2 (PEt3 ) 2 ] 2 can be prepared by 
the Zn reduction of [VCl2 (PEt3)3]. However, the only 
example of a vanadium(II) monodentate tertiary phosphine 
complex prepared by reduction of a higher oxidation state
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complex is [V(PPhMe2 )2 (oep) ] 1 3 7 (oeP - octaethylporphyrin).
This was obtained from the reduction of the vanadium(IV)
complex [VCl2 (oep)] with zinc amalgam in the presence of
excess PPhMe2. The structure is trans with the vanadium
atom lying within the plane of the four nitrogen atoms
o
(average V-N bond distance = 2.050(4) A).
Only one vanadium(III) diphosphine complex1 2 0  
[VC13 (dmpe)(thf)] is known. It was obtained by the 
addition of dmpe to [VCl3 (thf)3] in thf in an attempt to 
prepare [CpVCl2 (dmpe) ] which was unsuccessful, possibly 
because of the intermediate formation of 
[ VC13 (dmpe) (thf) ].
The first vanadium(II) diphosphine complex to be 
isolated was [V(dppe)3] [V(CO) 6 ] 2 1 3 9 obtained when dppe was 
added to [V(C0)J (molar ration 1:1) at 20 °C. This 
reaction, however, was very dependent on the reaction 
conditions. If the molar ratio and reaction temperature 
were altered, then two vanadium(O) complexes 
[V (CO)4 (dppe) ] (1:1, 120 °C) and [V(CO)2 (dppe)2] (1:2 dppe, 
1 2 0  °C) were obtained.
Attempts to prepare vanadium(II) diphosphine 
complexes from ,lVCli(thf )2" have met with varying degrees 
of success. One attempt, the action of LiBH4 on 
"VCl2(thf )2" in the presence of dppm134, produced three 
products; an amorphous solid (decomposition product), a 
light green solid which contained [V2Cl3(thf )6]+ together 
with an unidentified [M(BH4)3]“ anion (M = Zn or V), and
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dark red crystals shown by single crystal X-ray analysis 
to be [ {V(^i-Cl) (^-dppm)BH4}2]. It contains two vanadium 
atoms bridged by chloride and bidentate dppm and terminal 
BH4 groups. A similar reaction with dmpm1 3 5 gave two 
products; a grey amorphous material and purple crystals. 
Single crystal X-ray analysis of the purple crystals 
showed them to be the dimeric complex [ {VCl(dmpm)BH4}2] 
with the same structure as [V^-Cl) (y^-dppm)BH4 ] 2 but with 
V-P bond lengths shorter by ca 0.05 A. It is thought that 
this is due to the more basic character of the dmpm 
ligand. These reactions, whilst interesting, are not very 
satisfactory because of the variety of products. The 
dimeric complexes produced are not the major product, are 
highly unstable and are prone to spontaneous decomposition 
in solution. Consequently, they are of very little 
synthetic use.
A more useful product is the vanadium(II) complex
[VCl2 (dmpe)2] which was isolated from the reaction between
"VCl2(thf )2" and dmpe131. It is monomeric with the vanadium
atom octahedrally coordinated and trans dihalide geometry.
The geometry of the dmpe ligands, however, was affected by
disorder (due to thermal motion) such that the C-C bond
distance between the methylene carbons was depressed to 
o
1.26(1) A. [VCl2 (dmpe)2] has found considerable use as a 
starting material for the synthesis of other vanadium(II) 
phosphine complexes, notably in reactions where the 
chlorides are substituted1 2 7 ' 1 3 1 ' 1 3 2 as outlined in Scheme 2.
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Table 5.5
o
V-Cl and V-P Bond Distances (A) in Vanadium 
Phosphine Complexes
Complex V-P V-Cl
[VCl3 (PMePh2 )2 ]0,4C5 H1 2 2.5470(8), 2.2448(18),2.254(18)
2.5248(18) 2.1700(21)
[VCl3 (PMePh2)2] 2.552(2),2.534(2) 2.232(2),2.237(2) 
2.181(2)
[ VC13 (PMePh2) 2 (MeCN) ] 2.540(1),2.574(1) 2.300(1),2.269(1) 
2.320(1)
[ V (BH4) 3 (PMe3) 2 ] 2.510(1)
[ V (PMe2Ph) 2 (oep) ] 2.523(1)
[V(/,-Cl)(M -dppm)BH4 ] 2 2.570(4),2.568(4) 2.463(3),2.422(3)
[VC1 (dmpm)BH4 ] 2 2.525(2),2.532(2) 2.426(2),2.419(2)
[VCl2 (dmpe)2] 2.495(5),2.501(5) 2.446(4),2.434(4)
[V(NCMe)2 (dmpe)2 ](BPh4 ) 2 2.522(6),2.524(5)
[ V (CNBu1) 2 (dmpe) 2 ] (PF6) 2 2.495(4),2.502(6)
[ V (BH4) 2 (dmpe) 2 ] 2.503(1)
[V2Cl3 (PMe3 )6 ](AlCl2Et2) 2.553(5),2.543(7) 2.492(6),2.476(4)
2.540(5),2.546(6) 2.468(4),2.469(5)
All complexes had trans-octahedral configurations. The complexes 
examined by X-ray crystallography (Table 5.4) were found to be 
monomeric as expected.
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A vanadium(II) complex [VBr2 (dippe) (thf )1>5] has been 
prepared by the Mg reduction of [VBr3 (thf)3] in the 
presence of dippe133. The vanadium(II) oxidation state was 
confirmed because the addition of dmpe to this complex 
gave [ VBr2 (dmpe) 2 ], which is analogous to the chloro 
complex. [VBr2 (dippe) (thf )1>5] was prepared by reduction 
because attempts at direct reaction with "VCl2 (thf)2" gave 
green oils which contained Zn. This problem highlights 
the need for simple vanadium(II) complexes which can be 
used as starting materials for the preparation of 
vanadium(II) compounds without fear of contamination by 
zinc or aluminium.
The purpose of the following work was to investigate 
other synthetic routes which would enable the clean 
preparation of some of the complexes discussed above and 
new vanadium-phosphine complexes.
Page 109
Scheme 2 
Reactions of trans-[VCl2 (dmpe)2]
[VMe2 (dmpe)2]
[V(CN)2 (dmpe)2]
LiMe KCN
KSCN [ V (SCN) 2 (dmpe) 2 ]
NaBH,
NaPF,
NaBPh4 or 
NaPF*
[VCl(tBuNC) (dmpe)2 ]PF6
[ V (RCN) 2 (dmpe) 2 ]
R = Me, Et ^uNC [V(tBuNC)2 (dmpe)2] (PF6 ) 2
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Preparation of vanadium(III) starting materials
The vanadium(III) starting materials were prepared 
according to established1 4 3 ' 1 4 4 methods, but for [VCl3 (thf)3] 
the carbon percentage was considerably lower than expected 
and remained so in all preparations. However, the samples 
were clean, crystalline and gave no problems when used in 
further preparations.
Experimental
a) [VCl3 (thf)3]
VC13 (2.98 g, 0.0189 mol) was suspended in thf 
(50 cm3) and heated under reflux until it all dissolved to 
give a red purple solution. This was allowed to cool, 
concentrated to half volume and placed at - 20 °C. After 
12 h red orange crystals separated. These were filtered 
off and dried in vacuo. Calculated for C 1 2H2 4C1303V; C,
38.6, H, 6.5. Found C, 23.8, H, 6 .6 %.
b) [VBr3(thf )3]
VBr3 (5.04 g) was suspended in thf (150 cm3) and 
heated under reflux for 4 h to give a red brown solution 
which was allowed to cool, concentrated to one third 
volume and placed at -20 °C. After 12 h a red brown solid 
separated. This was filtered off and dried in vacuo. 
Calculated for C 1 2H2 4Br3V; C, 28.5, H, 4.7. Found C, 27.6,
H, 4.5%.
Page 112
c) [ VC13 (CH3CN) 3]
VC13 (7.81 g, 0.049 mmol) was suspended in CH3CN 
(100 cm3) and heated under reflux for 3 h to give a green 
solution. This was allowed to cool, concentrated to half 
volume and placed at -20 °C. After 12 h green crystals 
separated. These were filtered off and dried in vacuo. 
Calculated for C6H9C13N3V? C, 25.7, H, 3.2, N, 14.9. Found 
C, 23.1, H, 3,5, N, 13.5%.
Reactions of vanadium(lll) with mono- and di-tertiary 
phosphines
Satisfactory analyses were obtained and are given in Table 
6 .1.
1) Complexes of vanadium(Ill) with monophosphines
a) [VCl3 (PMe2Ph)3]
[VCl3 (thf)3] (0.37 g, 0.99 mmol) was dissolved in 
toluene (25 cm3) to give a purple solution. On addition 
of PMe2Ph (0.4 cm3, 2.89 mmol) a dark red brown solution 
was obtained. This was left at -20 °C for 3 weeks, after 
which a red microcrystalline solid had formed. This was 
filtered off and dried in vacuo to give a red orange 
powder. The green filtrate was discarded.
b) [ VC13 (PEt2Ph) 2 ]
[VCl3 (thf)3] (1.99 g, 5.44 mmol) was dissolved in 
toluene (80 cm3) to give a purple solution. On addition
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of PEt2Ph the solution became a deep red colour. After 
standing for a few minutes, a white solid appeared. More 
of this solid appeared on concentration of the solution. 
The solution was filtered and the solid discarded. The 
red filtrate was left at -20 °C for 7 days, after which a 
red orange solid appeared. This was filtered off and 
dried in vacuo.
c) [VCl3 (PPr2Ph)3]
[VCl3 (thf)3] (0.88 g, 2.37 mmol) was dissolved in 
toluene (60 cm3) to give a purple solution. On addition 
of PPr2Ph (1.37 g, 7.11 mmol) a deep red solution was 
obtained. On standing overnight a white solid formed, 
this was filtered off and discarded. The red filtrate was 
left at -20 °C for 6  weeks, after which the volume was 
reduced to a minimum and the solution replaced at -20 °C 
for a further 7 days. There was still no crystallization 
and therefore the solvent was removed in vacuo to yield a 
red maroon solid.
d) [VBr3 (PMe2Ph)2]
[VBr3 (thf)3] (0.82 g, 1.6 mmol) was dissolved in 
toluene (50 cm3) to give a green brown solution. On 
addition of PMe2Ph (0.66 cm3, 4.8 mmol) an orange brown 
solution was obtained. On stirring overnight, a red 
orange solid precipitated out which was filtered off and 
dried in vacuo.
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e) [VBr3 (PEt2Ph)2]
[VBr3 (thf)3] (0.82 g, 1.6 mmol) was dissolved in 
toluene (50 cm3) to give a green brown solution. On 
addition of PEt2Ph (1.04 q, 6.3 mmol) a red orange 
solution was obtained. On stirring for 2 h, a brown black 
precipitate formed. This was filtered off and discarded. 
The red orange filtrate was placed at -20 °C. After 
1 2  h an orange solid separated out and this was filtered 
off and dried in vacuo.
Table 6.1
Analytical Data on Products from Monophosphine
Reactions*
Complex C% H%
[VCl3 (PMe3Ph)3] 48.0 (50.4) 5.6 (5.8)
[ VC13 (PEt2Ph) 2 ] 49.6 (49.0) 7.0 (6 .2 )
[VCl3 (PPr2Ph)3] 58.7 (58.7) 7.5 (7.8)
[VBr3 (PMe2Ph)2] 40.9 (40.9) 5.0 (4.7)
[VBr3 (PEt2Ph)2] 39.0 (38.6) 5.6 (4.9)
* Calculated values in parentheses
2) Reaction of [VCl3 (thf)3] with dmpe in various solvents
a ) Methanol
[VCl3 (thf)3] (1.95 q, 5.22 mmol) was dissolved in 
methanol (50 cm3) to give a clear green solution. On 
addition of dmpe (1 . 6  cm3, 0.106 mmol) an opaque dark
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green solution was obtained and placed at -20 °C. After 
48 h a dark green solid separated which was filtered off, 
washed with methanol and dried in vacuo (IR spectrum 
contains [i(OH)] at 3160 cm" 1 and [^(C-0)] at 1050 cm"1).
b ) Tetrahydrofuran
[VCl3 (thf)3] (0.76 g, 2.03 mmol) was dissolved in thf 
(75 cm3) to give a light orange solution. On addition of 
dmpe (0.61 cm3, 4.01 mmol), the solution immediately 
became dark green and this was placed at -20 °C. After 
two weeks a dark green solid crystallised out. The mother 
liquor was decanted off and the solid dried in vacuo (IR 
spectrum contains [^(C-O)] at 1060 cm"1).
c ) Toluene
[VCl3 (thf)3] (0.67 g, 1.79 mmol) was dissolved in 
toluene (50 cm3) to give a purple solution. On addition 
of dmpe (0.54 cm3, 3.59 mmol) the solution turned dark 
green. After 12 h at -20 °C, green needles crystallised. 
The mother liquor was decanted off and the crystals dried 
in vacuo (IR spectrum contains [^(C-O)] at 1020 cm"1).
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Table 6.2
Analytical Data on Products from Diphosphine
Reactions*
Complex C% H%
Green Solid (methanol product) 24.3 6 . 1
Green Solid (thf product) 34.6 7.3
Green Solid (toluene product) 34.9 6.4
[VCl3 (dmpe) (CH3OH) ]* 24.8 5.9
[VCl3 (dmpe) (thf) ]* 31.7 6.4
[VCl2 (dmpe)2 ]Cl* 31.5 7.1
[VCl3 (dmpe) ]* 23.5 4.3
* Calculated values
Results and Discussion
The analytical data from the monophosphine reactions 
(Table 6.1) confirm the identity of the complexes isolated. 
On the basis of the previous reaction between VCl3 (thf)3] 
and PMePh2126, it was expected that the products would be 
pentacoordinate complexes of the type [VX3 (P)2] (X = Cl or 
Br, P = Phosphine). The reactions between [VCl3 (thf)3] and 
PMe2Ph or PPr2Ph, however, yielded hexacoordinate complexes 
[VC13 (P)3]. Originally, the reason why the third phosphine 
coordinated was thought to be less steric hindrance because 
of the presence of only one phenyl ring, but the isolation
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of [VCl3 (PEt2Ph)2] and the pentacoordinate bromo complexes do 
not support this hypothesis.
Reactions of [VCl3 (thf)3] with other monophosphines 
such as PEtPh2/ PPrPh2 and PBuPh2 were tried, but each 
attempt resulted in the formation of an intractable oil. 
Various solvents including toluene, thf and dichloromethane 
were used in attempts to overcome this problem, but to no 
avail. Layering these solutions with other solvents, such 
as hexane or diethyl ether, did not result in the 
precipitation of any solid. Reaction between [VCl3 (thf)3] 
and these phosphines does occur, since the solution changes 
colour from purple to deep red on the addition of phosphine.
From the analytical (Table 6.2) and infrared data, the 
reaction between [VCl3 (thf)3] and the diphosphine dmpe did 
not yield either of the expected products, [VCl3 (dmpe)] or 
[VCl2 (dmpe)2 ]Cl. The first reaction was carried out in 
methanol and the analyses of the compound isolated are 
reasonably close to those expected for [VCl3 (dmpe) ].
However, the infrared spectrum contains peaks which are 
assignable to methanol and the analyses fit better if it is 
assumed that a solvent molecule is coordinated in the vacant 
sixth position to give [VCl3 (dmpe) (CH3OH) ]. The reaction 
was repeated in the weaker donor solvent thf and the 
infrared spectrum indicates the presence of thf in the 
product which is thought to be [VC13 (dmpe) (thf)]. This 
complex has been isolated before from a similar reaction120, 
and is also thought to be the product from the reaction in
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toluene which would mean that a thf molecule has been 
retained from the starting material [VCl3 (thf)3].
Conclusions
A range of vanadium(III) monophospine complexes has 
been prepared and characterised. A wider range of similar 
complexes could be isolated if difficulties in preparation, 
particularly oil formation, could be overcome. The 
reduction of these compounds under nitrogen to obtain 
vanadium(II) or (0) complexes, was not investigated through 
lack of time. This also applies to the reactions between 
vanadium(III) and dmpe.
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CHAPTER 7
Complexes of Vanadium with Tertiary Phosphines III 
Reactions of Vanadium(II) with Di- and Mono-tertiary 
phosphines
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Preparation of Vanadium(Il) Starting Materials
Attempts to prepare the vanadium(II) complexes 
[VX2 (thf)J (X = Cl, n = 2 or 4, X = Br, I, n = 4 or 6 ) by 
ligand substitution from the respective hydrates, resulted 
in the isolation of the extremely air sensitive vanadium(II) 
species [VX2 (MeOH) (thf) ] (X = Cl, Br) and [V(MeOH)4(thf )2 ]I2  
as described below. The presence of methanol was confirmed 
by the infrared spectra. Repeat preparations gave similar 
analyses and spectra.
Experimental
a) [V(MeOH)6 ]I2
[VC12 (H20)4] (4.09 g, 0.021 mol) was dissolved in 
ethanol (25 cm3) and triethylorthoformate (25 cm3) to give a 
turquoise solution. This was stirred for 2 h and then 
evaporated to dryness to yield a blue-green solid which was 
washed with petroleum ether (50 cm3) to remove any ethyl 
formate byproduct. After drying, the solid was dissolved in 
methanol to give a purple solution. To this was added a 
methanolic solution of KI (6.4 g) which resulted in the 
immediate precipitation of KC1. The suspension was 
concentrated to half volume and placed at -20 °C. After 
1 2  h it was filtered and evaporated to dryness to yield a 
purple brown solid. Calculated for C6H2 4I206V; C, 14.5, H,
4.9. Found C, 12.9, H, 4.4%.
Attempts to prepare pure [V(MeOH)6 ]I2 by the literature 
procedure3 1 have not been completely successful. As can be
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seen from the low analytical data, the solid appeared to be 
contaminated with KC1. The solvent volume was reduced to a 
minimum and filtered to remove the KC1, but on taking the 
filtrate to dryness more KC1 precipitated. It is also 
possible that the complex loses methanol on drying, as the 
analyses are closer to those expected for [V(MeOH)4 I2] (C, 
11.1, H, 3.7%).
b) [VC12 (MeOH) (thf) ]
[VC12 (H20)4] (4 g, 0.021 mol) was dissolved in a mixture 
of ethanol (30 cm3) and triethylorthoformate (30 cm3) to 
give a blue-green solution. This was stirred for 2 h and 
then evaporated to dryness to yield a green solid which 
after drying, was washed with petroleum ether (75 cm3) to 
remove any ethyl formate. After further drying, the green 
solid was dissolved in methanol to give a purple solution. 
After stirring for 2 h the solvent was removed in vacuo to 
yield a green powder. This was dissolved in thf (100 cm3) 
to give a green solution. After several hours the solvent 
was removed in vacuo, yielding a green solid which was re­
dissolved in thf (100 cm3). After 1 h a light green solid 
separated. It was filtered off and dried in vacuo. 
Calculated for C5H1 2C1202V; C, 26.6, H, 5,4 V(II), 22.5.
Found, C, 23.3, H, 4.7, V(II), 17.8%. (IR spectrum contains 
bands at 3350 cm" 1 [^(OH)], 1037 cm" 1 [^(C-O)], 920 cm" 1 
( <S (OH)], and 290 cm" 1 [-i(V-Cl)]).
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c) [VBr2 (MeOH) (thf) ]
[V(H20)6 ]Br2 (1.5 g) was dissolved in a mixture of 
ethanol (30 cm3) and triethylorthoformate (30 cm3) to give a 
blue-green solution. This was stirred for 2 h and then 
evaporated to dryness to yield a green solid which was 
washed with petroleum ether (75 cm3) to remove any ethyl 
formate. After further drying, the green solid was 
dissolved in methanol to give a purple solution and after 
stirring for 2  h the solvent was removed in vacuo to yield a 
green powder. This was dissolved in thf (100 cm3) to give a 
green solution. After several hours the solvent was removed 
in vacuo, yielding a green solid which was redissolved in 
thf (100 cm3). After 1 h a light green solid separated, was 
filtered off and dried in vacuo. Calculated for C5H1 2Br202V; 
C, 19.1, H, 3.84, V(II), 16.2. Found C, 22.9, H, 4.2 V(II), 
12.3%. (IR spectrum contains bands at 3300 cm" 1 [J(OH)],
1025 cm" 1 [y (C—0) ], and 265cm"1 
[}(V-Br)].
d) [ V (MeOH) 4 (thf) j ] Ij
[V(MeOH)6 ]I2 (4.57 g) slowly dissolved in thf (40 cm3) 
to give a green solution and white solid. The solid was 
filtered off and discarded. The filtrate was evaporated to 
dryness to yield a dark green solid. Calculated for 
C8H3 2I206V; C, 24.9, H, 5.5. Found C, 24.6, H 5.2%. (IR 
spectrum has bands at 3200 cm" 1 [^(OH)], and 1020 cm" 1 
IV(C-O)
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The white solid is thought to be KC1 from the 
preparation of [V(MeOH)6 ]I2. [VI2 (MeOH)4 (thf)2 ]I2 is also 
extremely hygroscopic.
e) Preparation of VCl2 (MeCN)n
[VC12 (CHjCOOH)4] (2.24 g, 6.95 mmol) was suspended in 
acetonitrile (MeCN, 50 cm3), with stirring. Slowly the blue 
solid changed colour to purple, and after 1 2  h the purple 
solid was filtered off (yield 57%). Calculated for 
C8H1 2N4C12V; C, 33.6, H, 4.2, N, 19.6, V(II), 17.8. Found; C, 
26.6, H, 4.0, N, 14.5, V(II), 17.3%.
Reactions of vanadium(ll) with di- and mono-tertiary 
phosphines
In general satisfactory analyses were obtained (Table
7.1) and yields were of the order of 60%.
1) Complexes of vanadium(ll) with dmpe
a) [VCl2 (dHipe)2]
[VC12 (H20)4] (1.3 g, 6.7 mmol) was dissolved in methanol 
(20 cm3) to give a clear purple solution. On addition of 
dmpe (2 cm3, 13.3 mmol) a dark purple solution was obtained; 
it was placed at -20 °C for 48 h and red orange crystals 
appeared. These were filtered off, washed with hexane and 
dried in vacuo.
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b) [VBr2 (dmpe)2]
[V(H20)6 ]Br2 (1.27 g, 4 mmol) was dissolved in methanol 
(20 cm3) to give a clear dark purple solution. On addition 
of dmpe (1 . 2  cm3, 8  mmol) the solution became opaque and it 
was left at -20 °C for 12 h. Red maroon crystals separated 
leaving a blue solution. The crystals were filtered off, 
washed with hexane and dried in vacuo.
c) [VI2 (dmpe)2]
[V(CH3OH)6 ]I2 (0.4 g, 0.8 mmol) was dissolved in 
methanol (20 cm3) to give a clear purple solution. On
addition of dmpe (0.25 cm3, 1.6 mmol) the solution colour
darkened and effervescence occurred. The reaction mixture 
was placed at -20 °C for 1 h, after which maroon crystals 
were observed. These were filtered off, washed with hexane 
and dried in vacuo.
d) [V(dmpe)3] (BF4 ) 2
[V(H20)6 ](BF4 ) 2 (0.52 g, 1.56 mmol) was dissolved in 
methanol (40 cm3) to give a purple solution. On addition of
dmpe (1 cm3, 6.25 mmol) a deep blue solution was obtained
and this was placed at -20 °C. After two weeks a dark red 
solid crystallised and was filtered off and dried in vacuo.
2) Complexes of vanadium(II) with depe
a) [VCl2 (depe)2]
[VC12 (H20)4] (0.48 g, 2.22 mmol) was dissolved in 
methanol (20 cm3) to give a clear purple solution. The
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addition of depe (1 cm3, 4.85 mmol) produced a dark purple 
solution which was placed at -20 °C for 12 h. After this 
period blue-purple needle-like crystals were obtained, 
filtered off, washed with diethyl ether and dried in vacuo.
11 [VC12 (CH3CN)4]" (0.37 g, 1.05 mmol) was slowly 
dissolved in thf (50 cm3) to give a green solution which on 
addition of depe (0.43 cm3, 2.1 mmol) became a deep purple. 
The solution was concentrated to half volume and placed at 
-20 °C, but after several weeks as there was no 
precipitation the solution was discarded.
b) [VBr2 (depe)2]
[V(H20)6 ]Br2 (1.12 g, 3.53 mmol) was dissolved in 
methanol (20 cm3) to give a clear dark purple solution. On 
addition of depe (1.5 cm3, 7.28 mmol) the solution darkened 
in colour and within two minutes purple crystals were 
observed. The crystals were filtered off, washed with 
diethyl ether and dried in vacuo.
c) [ VI2 (depe) 2 ]
[V(CH3OH)6 ]I2 (3.52 g, 7.08 mmol) was dissolved in 
methanol (20 cm3) to give a purple solution. On addition of 
depe (2 . 6  cm3, 0 . 0 1 2  mol) the solution darkened and on 
standing for 1  h fine light purple crystals separated out. 
These were filtered off, washed with methanol and dried in 
vacuo (analyses high).
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3) Complexes of vanadium(II) with dppe
a) [VCl2 (dppe)2] .2thf
[VC12 (CH30H)(thf)] (2.05 g, 9.07 mmol) was suspended in 
thf (50 cm3) and a solution of dppe (7.2 g, 0.0184 mol) in 
thf (20 cm3) was added to the light green suspension. After 
8  h reflux, the suspension was filtered and the green 
filtrate concentrated to half volume in vacuo, placed at 
-20 °C and after 72 h green crystals appeared. These were 
filtered off and dried in vacuo.
b) [VBr2 (dppe)2] .2thf
[VBr2 (CH3OH)(thf)] (1.28 g, 4.06 mmol) was suspended in
thf (130 cm3) and a solution of dppe (3.27 g, 8.12 mmol) in
thf (20 cm3) was added to the green suspension. After 3 h 
reflux a green solution was obtained. This was concentrated 
to one third volume in vacuo and placed at -20 °C for 1 
week. The green solid which appeared was filtered off and 
dried in vacuo.
4) Reaction of vanadium(ll) with dppm
a) VCl2 (dppm)
[VC12 (CH30H)(thf)] (0.76 g, 3.36 mmol) was suspended in
thf (130 cm3) and a solution of dppm (2.76 g, 6 . 8 8  mmol) in
thf (20 cm3) was added to the green suspension. After 8  h 
reflux, the suspension was filtered and the green filtrate 
was concentrated to half volume in vacuo. After several 
weeks at -20 °C, a green solid separated. This was filtered 
off and dried in vacuo.
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Table 7.1
Microanalytical Data*
Complex C% H%
[VCl2 (dmpe)2] 
Red Orange
32.7(34.2) 6 .6(7.6 )
[VBr2 (dmpe)j] 
Red Maroon
28.0(28.2) 5.7(6.3)
[VI2 (dmpe)2]
Maroon
24.6(23.8) 5.6(5.3)
[V(dmpe)2] (BFt ) 2  
Dark Red
32.8(32.0) 7.4(7.2)
[VCl2 (depe)2] 
Blue Purple
44.6(45.0) 8 .7(9.0)
[VBr2 (depe)2]
Purple
39.3(38.5) 7.5(7.7)
[VI2 (depe)2] 
Light Purple
36.6(33.5) 7.3(6.7)
[ VC12 (dppe) 2 ]. 2thf 
Yellow Green
68.4(67.7) 5.7(6.0)
[ VBr2 (dppe) 2 ] .2thf 
Green
62.0(62.6) 5.3(5.5)
VCl2 (dppm)
Green
59.8(59.0) 5.1(4.7)
•' Calculated values in parentheses
5) Reactions of vanadium(II) with monophosphines
a) [VC12 (CH30H) (thf) ] and PMe2Ph
[VC12 (CH30H) (thf) ] (0.97 g, 4.29 mmol) was suspended 
in thf (50 cm3). On addition of PMe2Ph (3.0 cm3f 21.0 
mmol), the green suspension darkened. On stirring
Page 128
for 4-6 h, a deep turquoise solution formed which 
eventually turned dark and was placed at -20 °C. After 
48 h there was no precipitation so the solvent was removed 
in vacuo to yield a light green solid and a brown sludge. 
These could not be separated and therefore the experiment 
was abandoned.
b ) [ VBr2 (CH3OH) (thf) ] and PMe2Ph, ([ VBr2 (PMe2Ph) 2 ])
[VBr2 (CH3OH)(thf)] (1.33 g, 4.2 mmol) was suspended 
in toluene (50 cm3). On addition of PMe2Ph (3.0 cm3, 21.0 
mmol), with stirring, the green suspension changed to a 
dark green solution, which was layered with hexane 
(200 cm3). The reaction mixture was placed at -20 °C 
overnight, after which a light green solid and blue 
solution were obtained. The blue solution was decanted 
off (turned purple on exposure to air) and on drying, the 
light green solid became dark green.
c ) [ VBr2 (CH3OH) (thf) ] and PMe2Ph
[VBr2 (CH3OH)(thf)] (5.71 g, 0.0181 mol) was suspended 
in toluene (50 cm3). On addition of PMe2Ph (5.2 cm3, 0.036 
mol) a dark green solution was obtained after stirring 
overnight. The solution was layered with hexane (250 
cm3), which caused a dark green precipitate to form on the 
side of the flask. The reaction mixture was placed at -20 
°C for 12 h, after which a light green solid and a blue 
solid had separated out. The solvent was removed in
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vacuo and the solids resuspended in toluene ( 1 0 0  cm3). 
This gave an initial dark purple solution, which changed 
to a dark green solution and a dark green solid. The 
solid was filtered off and dried in vacuo.
Table 7.2
Analytical Data on PMe2Ph Reaction Products*
Complex C% H%
[ VBr2 (PMe2Ph) 2 ] 41.2(39.5) 5.3(4.6 )
Green Solid 31.3 4.3
a Calculated values in parentheses
Difficulties have been experienced when "VCl2(thf )2" 
has been used as a starting material in reactions with 
tertiary monodentate phosphines136'141. Therefore the 
reaction of PMe2Ph with [VX2 (CH3OH) (thf) ] (X = Cl or Br) 
was studied, also with limited success. On the basis of 
colour change, a reaction was observed with 
[VC12 (CH30H)(thf)], but no solid was isolated. With 
[VBr2 (CH3OH)(thf)], however, two green solids were 
isolated (Table 7.2) and one is thought to be 
[VBr2 (PMe2Ph)2], but the other is unidentified.
Both compounds [VX2 (CH3OH)(thf)] (X = Cl or Br) are 
extremely air sensitive, and when they react with PMe2Ph,
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they produce very air sensitive solutions. These systems 
are prone to oxidation on filtration (or just transferring 
solution from flask to flask), even though the apparatus 
has been under either vacuum or nitrogen for up to 30 
minutes prior to use. It is thought that this is 
responsible for the purple colour seen in the second 
[VBr2 (CH3O H )(thf)] reaction. From the colour changes and 
precipitates in these systems, it is clear that a simple 
reaction is not occurring and that further investigation 
is required.
6) The X-ray crystal structure analysis of [VCl2(depe)2]
Crystal Data - C2 0H4 8C12P4V, Mr = 534.35, triclinic,
a = 8.012(5) A, b = 10.762(2) A, c = 17.374(3) A,
<*= 76.65(1)“, 89.90(3)“, 8 = 78.52(3)“, V - 1426.9 A3,
space group PI, Z = 2, Dc = 1.244 g cm-3, F(000) = 570,
©
graphite-monochromated, Mo-K^ radiation (a  = 0.71073 A),
^  (Mo-K^) = 7.52 cm"1.
Experimental Data Collection - Cell parameters were 
measured from a lath crystal of dimensions 0 . 6  mm x 
0.15 mm x 0.05 mm using 25 accurately centred reflections 
in the 0 range 14-16°. The intensities of 6016 
reflections were measured by the w / 2 0  scan method for a 
hemisphere of the reciprocal lattice in the range 
1°<0<26°, 0<h<9, -13<k<13 and - 2 K K 2 1  with the 4 0 0 
relection monitored hourly.
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After the usual Lorentz and polarization corrections,
3922 relections were considered as observed, having
I>3 6 "(I) and analysis of the standard reflection showed
negligible decay of 0.4%.
Structure Solution and Refinement - An empirical
absorption correction was applied with minimum and maximum
corrections of 0.874 and 0.998. From the Patterson map
the positions of 2  independent vanadium atoms on centres
of symmetry were obtained together with their associated
chloride atoms. Normal heavy atom methods produced the
remainder of the structure, which converged very slowly to
R = 0.13. Hydrogen atoms were included in the calculation
o
in their calculated positions (dH = 1.0 A).
Application of an absorption correction by the
program DIFABS4 3 made little difference to the R value of
0.13, minimum absorption correction = 0.83, maximum
absorption correction = 1.19. On full anisotropic
refinement R slowly converged to 0.081 using a weighting
scheme w _ 1 = [(^(F) ) 2 + (0.5F) 2 + 5.0]1/2'109.
A difference map revealed electron density peaks of
1 . 2  electrons closely associated with both chlorines and
©
all four phosphorus atoms (at distances 0.1 - 0.6 A).
Other electron density peaks of 0.8 electrons were 
associated with the carbon atoms. There appeared to be no 
other atoms in the structure.
A bond scan over the molecule shows that the 
octahedral coordination around each V Atom is good, albeit
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a little distorted. However, the geometry of the 
remainder of the structure is very distorted with many C-C
distances being much shorter than the expected distance of
° . o1.54 A for a single bond, eg C(110) - C(120) = 1.296(15) A
and C (210) - C(220) =1.38(2) A.
The reluctance of the structure to refine
satisfactorily appears to be due to poor data since many C
atoms have very large vibrational ellipsoids (Figure 7.1).
7) The X-ray crystal structure analaysis of 
[VCl2(dppe)a] .2thf
Crystal Data - C 6 0HmC12P4O2V, (MJ = 1062.92, 
monoclinic, a = 11.445(10) A, b = 13.415(7) A, c =
17.666(5) A, p = 93.89 (5)°, V = 2706.0 A3, space group = 
P2i/c, Z = 2, Dcalc = 1.304 g cm"3, F(000) = 1114,
°graphite-monochromated radiation, Mo-Ik(A = 0.71073 A,), 
^(Mo-K^ ) = 4.335 cm'1.
Experimental Data Collection - A crystal (size 0.8 mm 
x 0.8 mm x 0.7 mm) was mounted in a Lindemann capillary 
under nitrogen. Unit cell dimensions were obtained from 
25 accurately centred reflections on a CAD4 diffractometer 
using monochromated MoK^ radiation in the range 9°<0<12°. 
The intensities of reflections were measured in the range 
1°<0<24°, with the index range 0<h<13, 0<k<15 and 
-20<1<20. This yielded a total of 4695 reflections of 
which 2731 had I>3(T(I). The space group was determined by 
inspection of the systematic absences occurring for hOl
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Table 7.3
Bond Angles (Degrees) of [VCl2 (depe)2]
Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle
c m VI Clll* 180.00(0) C210 P21 C212 98.3(4)
c m VI Pll 91.11(6) C211 P21 C212 106.0(4)
c m VI P12 90.33(6) C220 P22 C221 107.1(6)
p h VI P12 78.80(6) C220 P22 C222 85.7(7)
C121 V2 C121* 180.00(0) C221 P22 C222 107.1(6)
C121 V2 P21 90.33(6) Pll C110 C120 118.7(9)
C121 V2 P22 90.86(5) Pll Clll C113 120.7(7)
P21 V2 P21* 180.00(0) Pll C112 C114 123.0(1)
P21 V2 P22 78.88(6) P12 C120 C110 115.7(9)
P21 V2 P22 1 0 1 .1 2 (6 ) P12 C121 C123 120.5(7)
P22 V2 P22* 180.00(0) P12 C122 C124 114.6(8)
C110 Pll Clll 105.3(6) P21 C220 C220 114.6(9)
C110 Pll C112 91.4(6) P21 C211 C213 1 2 0 .6 (6 )
c m Pll C112 105.6(6) P21 C212 C214 113.4(8)
C120 P12 C121 100.4(4) P22 C220 C210 116.6(9)
C120 P12 C122 99.7(5) P22 C221 C223 1 2 1 .0 (8 )
C121 P12 C122 106.5(5) P22 C222 C224 123.0(1)
C210 P21 C211 100.3(4)
Numbers in parentheses are estimated standard deviations * 
Symmetry Code - x, y, z.
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Table 7.4
o
Bond Distances (A) of [VCl2 (depe)2]
Atoml Atom2 Distance Atoml Atom2 Distance
VI Clll 2.445(2) P21 C212 1.797(9)
VI Pll 2.558(2) P22 C220 1.800(2)
VI P12 2.563(2) P22 C221 1.749(9)
V2 C121 2.444(2) P22 C222 1.771(14)
V2 P21 2.563(2) C110 C120 1.296(15)
V2 P22 2.553(2) Clll C113 1.500(13)
Pll C110 1.768(13) C112 C114 1.250(2)
Pll Clll 1.777(10) C121 C123 1.499(14)
Pll C112 1.800(12) C122 C124 1.430(2)
P12 C120 1.898(10) C210 C220 1.380(2)
P12 C121 1.781(8) C211 C213 1.501(14)
P12 C122 1.782(11) C212 C214 1.464(13)
P21 C210 1.858(8) C221 C223 1.496(13)
P21 C211 1.794(9) C222 C224 1.320(3)
Numbers in parentheses are estimated standard deviations
(1 odd) and OkO (k odd). After the Lorentz-polarization 
correction, analysis of the standard reflections showed an 
intensity decay of 24% over the data collection period which 
was corrected for. An empirical absorption correction based on 
psi data was applied, having a minimum correction of 0.873,
V
I
Page 135
Figure 7.1
Atom Numbering Scheme and Structure of [VCl2 (depe)2]
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a maximum correction of 0.999 and an average correction of 
0.936.
Structure Solution - Since there are only two vanadium 
atoms (Z = 2) in the unit cell, these must be sited on centres 
of symmetry. From the Patterson function, the position of one 
chlorine and one phosphorus atom were obtained. Least-squares 
refinement of these three atoms of the structure, isotropic 
refinement of all atoms converged at R = 0.153. At this stage 
a difference Fourier map revealed the presence of a solvent 
thf molecule. After the formula had been adjusted, full 
isotropic refinement of all atoms converged at R = 0.093. The 
hydrogen atoms were included in fixed calculated positions,
o
dH = 1.0 A. The program DIFABS4 3 was then used to apply an 
absorption correction (min = 0.701, max = 1.147, ave = 0.983). 
Refinement with the V, Cl, P(l) and P(2) atoms anisotropic, 
remainder isotropic converged at R = 0.078. After this full 
anisotropic refinement of all non hydrogen atoms converged at 
R = 0.049, Rw = 0.064 and S (estimated standard deviation of 
observation of unit weight) = 0.991. The weighting scheme 
used was w" 1 = [(<r(F) 2 = (0.04F)2 + 4.0]109. The highest 
residual peak in a final difference map was 0.53 electrons and
o
a 4 A search around the molecule revealed no unusually close 
contacts.
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Table 7.5
o
Bond Distances (A) of [VCl2 (dppe)a].2thf
Atoml Atom2 Distance Atoml Atom2 Distance
V Cl 2.420 1 ) C124 C125 1.351(10)
V PI 2.574 1 ) C125 C126 1.370(9)
V P2 2.558 1 ) C211 C212 1.381(8)
Pi Cl 1.853 5) C211 C216 1.379(7)
PI Clll 1.841 5) C212 C213 1.389(8)
PI C121 1.821 5) C213 C214 1.379(10)
P2 C2 1.842 5) C214 C215 1.350(11)
P2 C211 1.818 5) C215 C216 1.389(9)
P2 C221 1.824 5) C221 C222 1.385(8)
Cl C2 1.514 8 ) C221 C226 1.381(8)
Clll C112 1.377 8 ) C222 C223 1.374(9)
Clll Cl 16 1.371 8 ) C223 C224 1.347(10)
C112 C113 1.365 9) C224 C225 1.353(10)
C113 C114 1.357 1 0 ) C225 C226 1.375(9)
C114 C115 1.350 1 0 ) 0 1 C3 1.377(13)
C115 C116 1.393 9) 0 1 C4 1.333(13)
C121 C122 1.360 8 ) C3 C 6 1.380(2)
C121 C126 1.398 8 ) C4 C5 1.340(2)
C122 C123 1.382 1 0 ) C5 C 6 1.410(2)
C123 C124 1.376 1 2 )
Numbers in Parentheses are estimated standard deviations
Page 138 
Table 7.6
Bond Angles (Degrees) of [VCl2 (dppe)2] .2thf
Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle
Cl V Cl* 180.00(0) C122 C121 C126 118.9(5
Cl V PI 82.82(4) C121 C122 C123 120.3(6
Cl V PI 97.18(4) C122 C123 C124 120.2(7
Cl V P2 85.19(4) C123 C124 C125 119.8(7
Cl V P2 94.81(4) C124 C125 C126 120.6(7
PI V PI* 180.00(0) C121 C126 C125 1 2 0 .2 ( 6
PI V P2 78.09(4) P2 C211 C212 117.3(4
PI V P2 101.91(4) P2 C211 C216 123.5(4
P2 V P2* 180.00(0) C212 C211 C216 119.2(5
Cl PI Clll 98.20(2) C211 C212 C213 120.1(5
Cl PI C121 106.10(3) C212 C213 C214 119.6(6
Clll PI C121 101.9(2) C213 C214 C215 120.7(6
C2 P2 C211 106.3(2) C214 C215 C216 1 2 0 .1 ( 6
C2 P2 C221 100.9(2) C211 C216 C215 120.3(6
C211 P2 C221 103.5(2) P2 C221 C222 122.8(4
PI Cl C2 115.9(4) P2 C221 C226 119.7(4
P2 C2 Cl 114.1(4) C222 C221 C226 117.5(5
PI Clll C112 120.9(4) C221 C222 C223 120.4(6
PI Clll C116 120.0(4) C222 C223 C224 121.3(6
C112 Clll C116 118.9(5) C223 C224 C225 119.3(6
Clll C112 C113 120.5(6) C224 C225 C226 120.9(6
C112 C113 C114 1 2 0 .8 (6 ) C221 C226 C225 120.7(6
Continued - Table 7.6
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Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle
C113 C114 C115 119.6(6) C3 0 1 C4 105.6(9)
C114 Cl 15 C116 120.7(6) 0 1 C3 C 6 106.9(9)
Clll C116 C115 119.6(6) 0 1 C4 C5 1 1 2 .0 (1 )
PI C121 C122 123.2(4) C4 C5 C 6 105.0(1)
PI C121 C126 117.7(4) C3 C 6 C5 106.0(1)
Numbers in Parentheses are estimated standard deviations 
* Symmetry Code - x, y, z.
Results and Discussion
The reactions discussed above have shown that there 
is a simple synthetic route to some vanadium(II) 
diphosphine compounds, notably complexes containing dmpe 
and depe. Unlike the preparation of [VCl2 (dmpe)2] 
discussed previously131, the source of vanadium(II) in this 
process is not contaminated with zinc, nor does it require 
an 18 hour reduction of [VCl3(thf )3]142.
The microanalytical data of the complexes indicate 
that the synthetic routes are viable. The analyses of 
[VI2 (depe)2], however, do not agree closely with the 
theoretical values. This remained the case even after 
several preparations, and the cause is not known. An 
alternative formula, [V2 I4 (depe)5], fits the analytical 
data.
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Figure 7.3 
Packing Diagram of [VCl2 (dppe)2] ,2thf
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These complexes are insoluble in water and therefore 
analyses for vanadium(II) could not be carried out, but 
the magnetic moments of the compounds confirm the 
oxidation state. All the complexes have effective 
magnetic moments (Tables 7.7-7.11, 7.13-7.14 and Figures 
7.4-7.8 , 7.14-7.15) which are close to the spin-only value 
of 3.87^hg expected for a magnetically dilute 3d3 ion with 
octahedral symmetry. All the complexes, apart from 
[VI2 (depe)2], follow the Curie law or deviate from it 
slightly with small 0's (Tables 7.7-7.11, 7.13-7.14). All 
preparations of [VI2 (depe)2] had poor analyses and if this 
formula is assumed high magnetic moments result. The 
moments are temperature-dependent and this could arise 
from the presence of a paramagnetic impurity. The 
magnetic moments of the other complexes are essentially 
independent of temperature, indicating monomeric 
structures which were confirmed by single crystal X-ray 
analysis.
In [VCl2 (depe)2] the vanadium atom is octahedrally 
coordinated with a trans dihalide arrangement (Figure
7.1). The VC12P4 coordination sphere has internal angles 
of 78-90° (Table 7.2). The ^ -V-p angle (78.80(6)°) is 
close to that observed in [VCl2 (dmpe)2] {81.6(2)°>131. The
o
V-Cl bond distance is 2.445(2) A which is also close to
those observed before for vanadium(II) complexes (Table
o
5.5). The V-P bond distances are 2.558(2) A and 2.563(2)
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Table 7.7
Magnetic Data on [VBr2(dmpe)2]
T(K) 1 0 6#*
(c.g.s
a * 1
units)(c.g.s units)
/*.££
295* 3.94
294.5 6523 153 3.92
263 7373 136 3.94
230.5 8389 119 3.93
198.5 9751 102.5 3.93
166.5 11600 8 6 . 0 3.93
133.5 14190 70.5 3.89
1 0 1 18380 54.0 3.85
88.5 21150 47.0 3.87
VO o f*
0 = 1 K 1 0 6^ =  332
3.88
a Calculated from least squares plot
0 . OA which, however, are longer by ca 0.05 A than those found
in [VCl2 (dmpe)2] or any other dmpe complex (Table 5.5).
The geometry of the remainder of the structure is very
distorted with many C-C bond distances being much shorter
o
than the expected distance of 1.54 A for a single bond 
(Table 7.2). The reason for this is not known, but is 
thought to be due to poor quality data. A similar problem
Page 144
150
100
50 • f f
Temperature(K ) 100 200
Figure 7.4) The temperature variation of the atomic 
susceptibility an<* effective
magnetic moment (jA 9tt) of [ VBra (dmpe) a ]
150
3.5100
50
100Temperature(K) 200
Figure 7.5) The temperature variation of the atomic 
susceptibility (^C/1) aiKi effective
magnetic moment ( M.**) of [VI2 (dmpe)2]
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Table 7.8
Magnetic Data on [VI2 (dmpe)2]
T(K) 1 0 ‘*,
(c.g.s units)(c.g.s units) /*•«
295a 3.99
294 6675 150 3.97
263 7464 134 3.97
230.5 8519 117 3.96
199.5 9899 1 0 1 3.95
168 11830 84.5 3.96
137.5 14440 69.0 3.96
106 18920 53.0 3.92
92.5 21790 46.0 3.90
90a
0 = -3 K 10W = 360 
L
3.92
a Calculated from least squares plot
occurs with [VCl2 (dmpe)2] and this was attributed to 
thermal motion.
In [ VC12 (dppe) 2 ] . 2thf, the vanadium atom is also 
octahedrally coordinated with a trans dihalide arrangement 
(Figures 7.2 and 7.3). The VC12P4 coordination sphere has 
internal angles of 78-97° (Table 7.6), V-Cl bond distances
O e
of 2.420(1) A and V-P bond distances of 2.574(1) A and
o ,
2.558(1) A, all of which are close to those discussed
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Table 7.9
Magnetic Data on [VCl2 (depe)2]
T(K)
1 0 % ,
(c.g.s units)(c.g.s units)
/\£f
295a 3.98
294 6726 149 3.98
263 7594 132 3.99
230.5 8644 116 3.99
199.5 9997 1 0 0 3.99
168 11830 85.0 3.98
137.5 14530 69.0 3.99
106 18710 53.0 3.98
92.5 21660 46.0 4.00
VO o f
t
9 = 1  K 106£  = 406
4.00
* Calculated from least squares plot
above. The geometry of the rest of this structure, unlike 
[VCl2 (dmpe)2] and [VCl2 (depe)2], is not distorted.
Having successfully prepared [VX2 (dppe)2] .2thf from 
[VX2 (CH3OH)(thf)] (X = Cl or Br) and dppe, it was thought 
that the complex [VCl2 (dppm)2] might be isolated in a 
similar manner. On reaction a green solid was isolated; 
however, the analytical data (Table 7.1) suggest that the 
solid is VCl2 (dppm). If this is the case, then the
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Table 7.10
Magnetic Data on [VBr2(depe)2]
T(K) io‘cx:A ofc1
(c.g.s units)(c.g.s units)
A 1 •«
295* 3.91
287.5 6665 150 3.91
263 7304 137 3.92
232.5 8321 120 3.93
200.5 9586 104 3.92
167 11450 87.0 3.91
137.5 14050 71.0 3.93
106 18730 53.0 3.98
95 20990 48.0 3.99
VO o
0 = 4 K 10V = 427
3.98
a Calculated from least squares plot
complex is probably polymeric and either X-ray 
crystallography or magnetic measurements would confirm or 
refute this. The analyses though are only based upon one 
preparation.
Whilst these preparations of new vanadium(II) 
diphosphine complexes were being undertaken, the 
preparation of [VBr2 (dmpe)2] from [VBr2 (dippe) (thf )1/2] was 
reported133, without detailed characterisation.
Page 148
150
3.5100
•ft
Temperature(K) 100 200
Figure 7.6) The temperature variation of the atomic 
susceptibility and effective
magnetic moment (/U.££) of [VCl2 (depe)2]
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100 3.5
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Temperature(K) 100 200
Figure 7.7) The temperature variation of the atomic 
susceptibility and effective
magnetic moment (/U.f£) of [VBr2 (depe)2]
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Figure 7,8) The temperature variation of the atomic 
susceptibility (JC'1) and effective 
magnetic moment ( M mf{) of [VI2 (depe)2]
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Table 7.11
Magnetic Data on [VI2(depe)2]
T(K) io‘3C* * *
(c.g.s units)(c.g.s units) Z 1 •«
295* 4.24
294.5 7540 133 4.21
260 8989 1 1 1 4.32
230 9460 106 4.17
197.5 10910 92.0 4.15
164.5 12850 78.0 4.11
134.5 15580 64.0 4.09
97 19940 50.0 3.93
87 23030 43.0 4.00
90*
0 = -21 K 10V = 455
3.95
* Calculated from least squares plot
Three spin-allowed d-d bands are expected in the 
electronic spectra of magnetically dilute octahedral 
vanadium(II) compounds. These correspond to the 
transitions 4A2, -> 4T2 9 (},), 4a2 9 -> 4Tl9 (F) ()2) and 4A2, -> 
%,(P) (i)3), which are normally located in the visible-to- 
near infrared region. The reflectance spectra (Table 7.12 
and Figure 7.9-7.13) of the complexes contain these bands
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Table 7.12
Reflectance Data (cm'1)
Complex ^ 2 A
[VCl2 (dinpe)2] 14300 19800 28000
[VBr2 (dmpe)j] 13100 19600 25600
[Vl2 (dmpe)2] 12600 19600 28000
[VCl2 (depe)2] 12700 17500 28600
[VBr2 (depe)2] 12300 17700 25600
(11400sh)
[VI2 (depe)2] 11800 17700 27600
[VCX2 (dppe)2] (thf ) 2 14900 27400
[VBr2 (dppe)2] (thf ) 2 14800 27800
(19800sh, 25000sh)
as expected, consistent with octahedral coordination. In
the dmpe complexes there is a decrease in the value of 3
as the halide is changed from chloride to iodide. There 
is no change in the ^ 2 or ^ ) 3 values. In the complexes 
[VX2 (dppe)2] .2thf (X = Cl or Br) the i) 3 band is obscured, 
probably by charge transfer bands.
There are differences in the preparations and the 
physical properties of the complexes. The depe complexes 
crystallize out more readily than the corresponding dmpe
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Table 7.13
Magnetic Data on [VCl2(dppe)2] .2thf
T(K) 1 0 % *  O ^ 1
(c.g.s units)(c.g.s units) A *
295a 3.86
293 6295 159 3.84
261 7252 138 3.89
229 8044 124 3.84
197 9428 1060 3.85
165 11205 85.0 3.93
133 13990 71.0 3.86
107 17820 56.0 3.90
87 2 1 1 2 0 47.0 3.83
90*
0 = 3 K 1 0 ‘*l= 581
3.91
* Calculated from least squares plot
complexes as do the chlorides compared to the iodides.
All the halide complexes of dmpe crystallize more readily 
than does the fluoroborate. The air stability decreases 
as the halide is changed from chloride to iodide, but 
increases drastically as the phosphine is changed from 
dmpe to dppe, with [VCl2 (dppe)2] ,2thf being air stable for 
several days most probably because of the increase in size 
of the phosphine substituents from CH3 through C2H5 to C6H5.
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Reflectance Spectrum of [VCl2 (dmpe)2]
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Figure 7.10 
Reflectance Spectrum of [VBr2 (dmpe)2]
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11,11114,28520,000 cm'
Figure 7.13 
Reflectance Spectrum of [VBr2 (depe) 2]
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Table 7.14
Magnetic Data on [VBr2(dppe)2] .2thf
T(K) IO'Xq
(c.g.s units)(c.g.s units) A '
295® 4.02
294.5 6864 146 4.02
265.5 7637 131 4.02
231 8702 115 4.01
198 10150 99.0 4.01
166.5 11950 84.0 3.99
137 14650 6 8 . 0 4.00
104 18720 53.0 3.94
91.5 21720 46.0 3.99
90®
0 = 3 K 1  0 6<£l= 602
3.96
a Calculated from least squares plot
The protection given to the vanadium atom by the phenyl 
rings as opposed to the ethyl and methyl groups is clearly 
shown in the crystal structure diagrams (Figures 7.1 and 
7.2).
The use of non-aqueous sources of vanadium(II), 
[VX2 (CH3OH)(thf)] (X = Cl or Br), (needed because there 
was no reaction between [VC12 (H20)4] and dppe or dppm in 
methanol), which are monomeric and not contaminated with
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either zinc or aluminium, resulted in the clean 
preparation of the monomeric complexes [VX2 (dppe)2] .2thf 
(X = Cl or Br).
Conclusions
A simple clean synthetic route to novel vanadium(II) 
diphosphine complexes has been elucidated. Some progress 
has also been made towards the direct preparation of 
vanadium(II) monophosphine complexes, but further work is 
required. The complexes may prove useful starting 
materials for the preparation of lower oxidation state 
vanadium complexes which may react with N2.
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Figure 7.14) The temperature variation of the atomic 
susceptibility ( X / ‘) and effective
magnetic moment (*„,) of [VCla(depe),] .2thf
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Figure 7.15) The temperature variation of the atomic 
susceptibility and effective
magnetic moment of TVBr,(dene 1.1.2thf
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CHAPTER 8
Reductions of Vanadium-Tertiary Phosphine Complexes
Page 160
Introduction
There has been considerable interest in the reduction 
of vanadium(II) phosphine complexes to prepare vanadium(O) 
complexes of the type [V(X)2 (P2)2] (X = COf N2 or H2, P2 = 
diphosphine) or [V(X)2 (P)4] (P = monophosphine), which 
would be similar to various molybdenum(O) complexes such 
as [Mo(N2 )2 (dppe)2] and [Mo(N2 )2 (PMe2Ph)4]140. Various 
reducing agents, including lithium borohydride, sodium 
naphthalene and sodium amalgam have been used. The 
reduction of the vanadium(II) species "VCl2(thf )2" in the 
presence of a diphosphine (dppm, dmpm) with lithium 
borohydride formed the dinuclear vanadium(II) complexes 
[V(^-C1) (^-dppm)BH4 ] 2 1 3 4 and [VCl(dmpm)BH4 ] 2 1 3 5 as discussed 
earlier. When the reduction was carried out in the 
presence of PMePh2, a vanadium(I) dinuclear polyhydride, 
[V2Zn2H4 (BH4 )2 (PMePh2 ) 4 ] 9 was obtained, in which the 
phosphines are coordinated to the vanadium atom, unlike in
[V{ZnCl3 (thf) (PPh3) }2 ]CH2C12 1 3 6 where the phosphine is
coordinated to the zinc atom. The vanadium and zinc atoms
are bridged by four hydrogens and the BH4 groups are
terminal.
Sodium naphthalene (NaC1 0H8) has been used 
successfully to reduce [VCl3 (thf)3] in the presence of 
dmpe, at room temperature and pressure, to the vanadium(O) 
complex [V(dmpe)3]146. Sodium naphthalene has also been 
used to prepare the vanadium(I) carbonyl [V(CO) 3 
H(trimpsi) ] 1 3 0 (trimpsi = [t-BuSi(CH2PMe2)3]) by
Page 161
reduction of the vanadium(III) complex
[VCl3 (thf)(trimpsi)] in thf under 5 atm of CO at -78 °C.
It was also reported that this reaction could be carried 
out at 1 atm of CO with no appreciable decrease in yield. 
Single crystal X-ray analysis revealed that the vanadium 
atom is octahedrally coordinated to three cis carbonyl 
groups and the three phosphorus atoms of the trimpsi 
ligand.
The other reducing agent which has been used 
successfully is sodium amalgam. The vanadium(II) complex 
[VCl2 (dmpe)2] has been reduced by sodium amalgam in thf 
under 5 atm of carbon monoxide at -78 °C to give the trans 
octahedral vanadium(O) complex [V(CO)2 (dmpe) 2 ] 1 4 7 and in the 
presence of CS2 at -78 °C to give [V(CS2 )2 (dmpe)2]148.
Attempts to prepare either [V(N2 )2 (dmpe)2] or 
[V(H2 )2 (dmpe)2] by similar reduction of [VCl2 (dmpe)2] have 
not been successful147. If, however, the analogous 
[CrCl2 (dmpe)2] is reduced by sodium amalgam under 5 atm 
pressure of N 2 at -78 °C, the chromium(O) complex 
[Cr(N2 )2 (dmpe)2] is obtained119.
Investigations of the action of sodium amalgam and 
sodium naphthalene on [VX2 (depe)2] and [VX2 (dmpe)2] (X = Cl 
or Br) in the presence of carbon monoxide, dinitrogen, 
dihydrogen and argon under different conditions of 
pressure and solvent are described below.
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Experimental
1) Reduction of [VCl2 (depe)2] by sodium amalgam under 
carbon monoxide
a) 1 atm pressure of CO in thf
Sodium amalgam (1%) and thf (50 cm3) were placed in a
100 cm3 Schlenk flask and the solution saturated with CO 
for 30 mins. On addition of [VCl2 (depe)2] (0.44 g, 0.825 
mmol), with stirring, the thf solution turned dark grey.
No further change occurred, even when more CO was passed 
through the solution.
The reaction solution was frozen at -40 °C and 
decanted from the excess of amalgam. On standing, a grey 
black solid settled out leaving a yellow-green solution. 
The thf was removed under vacuum and the residue extracted 
with hexane by stirring for 1  h followed by 1  h reflux.
The solution was filtered to yield a yellow filtrate and a 
grey residue which was dried. The yellow filtrate was 
concentrated in vacuo and left at -20 °C for 12 hours. No
solid precipitated, so the hexane was removed under vacuum
to yield a yellow oil. Figure 8.1 shows its infrared 
spectrum, and Figure 8.11 the spectrum of [VCl2 (depe)2] 
for comparison.
b) 6  atm pressure of CO in thf
The pressure vessel and amalgam (1/2%) were cooled to 
-80 °C. A clear dark purple solution of [VCl2 (depe)2J 
(0.92 g, 1.72 mmol) in thf (60 cm3) was transferred to the 
vessel, which was then pressurized to 6  atm with CO. The
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CO, 1 atm
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Figure 8.1) IR Spectrum of Yellow Oil
CO, 4 atm
14003200 2800 2400 2000 1700 1100 800 500
Figure 8.2) IR Spectrum of Yellow Solid
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vessel was allowed to warm to room temperature with 
stirring for 4 h. An opaque yellow-brown solution was 
obtained from the reaction vessel. The residual amalgam 
was removed by freezing and decantation. The solution was 
taken to dryness in vacuo yielding a yellow-brown solid 
which was extracted with hexane (50 cm3), resulting in a 
gold solution and a grey brown solid. On reflux (1 hour), 
the colour of the solution intensified and became 
red-orange. The solution was decanted and a second hexane 
extraction carried out. The yellow solution then obtained 
was placed at -20 °C for two weeks, after which some 
yellow crystals, too few to be collected, were observed.
The red orange solution of the first extraction was 
concentrated, causing a yellow solid to appear. No 
further precipitation occurred after 12 h at -20 °C. An 
infrared spectrum of a little of the solid was recorded 
(Figure 8.2), then the remainder was filtered off and 
dried in vacuo for 1  h, during which the colour changed to 
brown (IR spectrum, Figure 8.3). Anal for 
[V(CO)2 (depe)2], C2 2H4 802P4V, Calculated C, 50.9, H, 9.0;
Found C, 40.7, H, 6.7. -
2) Reductions of [VCl2 (depe)2] with sodium amalgam under 
dinitrogen, dihydrogen, or argon
a) 1 -> 6  atm pressure of N2 in thf
A blue purple solution of [VCl2 (depe)2] (0.4 g, 0.75 
mmol) in thf (50 cm3) was transferred to a pressure vessel
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CO, 5 atm
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Figure 8*3) IR Spectrum of Brown Solid
1  atm
50014003200 2800 2400 2000 1700 cm'8001100
Figure 8.4) IR Spectrum of Brown Oil
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containing sodium amalgam (1/2%). After stirring for 1 
hour, the dinitrogen pressure was increased to 6  atm and 
the reaction left for 12 h. The grey opaque reaction 
suspension was extracted from the bomb, cooled to -40 °C 
to freeze the amalgam and the solution decanted. The thf 
was removed under vacuum to yield a grey solid which was 
stirred with hexane for 1 h. On filtration, a clear 
colourless filtrate and a grey residue were obtained. The 
filtrate, on concentration, became an oil which could not 
be dried further and an infrared spectrum was obtained 
(Figure 8.4).
b) 6  atm pressure of N2 in thf
A pressure vessel containing sodium amalgam (1/2%) 
was cooled to -80 °C. Then a clear purple solution of 
[VCl2 (depe)2] (0.44 g, 0.82 mmol) in thf (50 cm3) was 
transferred to the vessel. The pressure was then 
increased with dinitrogen to 6  atm. The mixture was 
allowed to warm to room temperature with stirring, and 
left for 12 h. A grey opaque solution was collected from 
the reaction vessel and the thf was removed under vacuum 
to yield a black residue (Infrared spectrum, Figure 8.5a). 
Hexane was added (100 cm3) and the resultant suspension 
was filtered after stirring for 1  h, to give a pale purple 
filtrate. Fresh hexane was added to the residue and 
refluxed for 4 h. The purple filtrate was concentrated to 
yield a little purple oil (Infrared
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Figure 8.5a) IR Spectrum of Black Residue
50080011003200 2800 2400 2000 1700 1400 cm'
Figure 8.5b) IR Spectrum of Residual Purple Oil
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Figure 8.5c) IR Spectrum of Blue Oil
6  atm
cm" 150080011003200 2800 2400 2000 1700 1400
Figure 8.5d) IR Spectrum of Pale Brown Oil
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Ar, 6  atm
11003200 2800 2400 2000 1700 1400 800 cm” 1500
Figure 8 .6 a) IR Spectrum of Grey Residue
Ar, 6  atm
1400 11003200 2800 2400 2000 1700 500800 cm'
Figure 8.6b) IR Spectrum of Clear Oil
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spectrum, Figure 8.5b). On addition of diethyl ether 
( 8  cm3), the oil dissolved and the purple solution was 
placed -20 °C for 12 h. After this period, a blue 
solution formed with some blue solid, insufficient to 
filter off. On concentration, a blue oil formed (Infrared 
spectrum, Figure 8.5c). The second hexane extraction was 
filtered, yielding a clear colourless filtrate and a black 
residue. The filtrate was concentrated, upon which a 
small amount of whitish brown oil appeared, (Infrared 
spectrum, Figure 8.5d).
c) 6  atm pressure of Ar in thf
A pressure vessel containing sodium amalgam (1/2%) 
was cooled to -80 °C. Then a clear purple solution of 
[VCl2 (depe)2] (0.16 g, 0.3 mmol) in thf (50 cm3) was 
transferred to the vessel and pressurised with argon to 6  
atm. Subsequently, the mixture was allowed to warm to 
room temperature with stirring, and left for 12 h. A grey 
opaque solution was collected from the reaction vessel and 
the thf was removed under vacuum to yield a grey residue 
(Infrared spectrum, Figure 8 .6 a). Hexane was added and 
the resultant suspension was filtered, after stirring for 
12 h, to give a clear colourless filtrate. The filtrate 
was concentrated to yield a clear oil, (Infrared spectrum, 
Figure 8 .6 b).
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d) 6  atm pressure of H2 in diethyl ether
A pressure vessel containing sodium amalgam was 
cooled to -80 °C. Then a purple suspension of 
[VCl2 (depe)2] (0.78 g, 1.4 mmol) in diethyl ether 
( 1 0 0  cm3) was transferred to the vessel and the pressure 
raised to 6  atm with dihydrogen. The mixture was allowed 
to warm to room temperature, with stirring, and left for 
12 h. A grey-brown solution was collected from the 
reaction vessel and the solvent removed to yield a 
grey-brown residue. An infrared spectrum of this residue 
was obtained (Figure 8.7) before the addition of hexane. 
The resultant suspension was filtered after stirring for 
12 h to yield a purple filtrate. This filtrate was placed 
at -20 °C for 12 h, after which a purple solid appeared. 
This was filtered off, dried and collected, but an 
infrared spectrum showed it to be starting material. On 
concentration, a white solid appeared in the filtrate, but 
attempts to isolate this solid failed.
3) Reduction of [VCl2 (dmpe)2] under 6  atm pressure of N2
in diethyl ether
A pressure vessel containing sodium amalgam (1/2%) 
was cooled to -80 °C. Then a purple suspension of 
[VCl2 (dmpe)2] (0.52 g, 1.3 mmol) in diethyl ether (80 cm3) 
was transferred to the vessel. The pressure was then 
raised to 6  atm with dinitrogen. The vessel was allowed to 
warm to room temperature with stirring and left for 1 2  h.
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Figure 8.7) IR Spectrum of Grey Brown Residue
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Figure 8.8a) IR Spectrum of Green Oil
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Figure 8 ,8 b) IR Spectrum of White Oil
f2/ thf
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Figure 8.9) IR Spectrum of Purple Solid
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Figure 8.10) IR Spectrum of [VCl2(dmpe)2]
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Figure 8.11) ir Spectrum of [VCl2(depe)3]
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A yellow green solution was collected and the solvent 
removed under vacuum to yield a green oil. The infrared 
spectrum is in Figure 8.8a and Figure 8.10 shows that of 
[VCl2(dmpe)2]. Hexane (100 cm3) was added, and the yellow 
suspension was filtered after stirring for 12 hours to 
give a clear colourless filtrate. The filtrate was 
concentrated to yield a white oil (Infrared spectrum, 
Figure 8.8b). The oil was re-suspended in hexane, from 
which a white solid was isolated which had no bands near 
1740 cm"1.
4) [VCl2(dmpe)2] under 6 atm pressure of N, in thf
A crimson solution of [VCl2(dmpe)2] (0.39 g) in thf 
(50 cm3) was transferred to the reaction vessel. The 
pressure was then raised to 6 atm with dinitrogen and the 
reaction mixture stirred for 24 h. A crimson solution was 
collected from the vessel and the thf removed under vaccum 
to yield a pink solid. On further drying the colour 
changed to purple, (Infrared spectrum, Figure 8.9, 
analysis, Table 8.1).
Page 176 
Table 8.1
Microanalytical Data* for the Purple Solid
Complex C% H% N%
FOUND 49.6 8.6 0
[VClj(dmpe)j] (34.1) (7.6)
[VCl2(dmpe) ] (26.5) (5.9)
[ V (dmpe) 2 ] (41.0) (9.1)
[HVCl2(dmpe)2] (37.2) (8.6)
[ V2 (dmpe) 5 ] (42.3) (9.4)
* Calculated values in parentheses
Results and Discussion
From the infrared spectra (Figures 8.1-8.3) obtained 
from the CO reactions, it can be seen that there is a 
different product for each set of reaction conditions. 
Figure 8.1 shows the spectrum of the yellow oil. This has 
5 peaks at 1931, 1853, 1808, 1768 and 1748cm"1, which 
could be attributed to (0(CO)), ([V(CO)2(dmpe)2] - 1820 
and 1760 cm’1/ ^  The spectrum of the yellow solid (Figure 
8.2) has only 2 peaks at 1868 and 1848 cm"1. There is, 
however, surprisingly, very little difference between the 
spectra of the yellow solid and the brown solid (Figures 
8.2 and 8.3).
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The brown solid is air sensitive, turning black on 
exposure to air. However, as the analyses (p 164) 
indicate, it is not the expected product [V(CO)2(depe)2] 
and it has not yet been characterised. The brown solid 
could be partially oxidised yellow solid, but the infrared 
spectra are almost identical.
The grey residues obtained after hexane extraction in 
each case were discarded because there were no carbonyl 
bands in their infrared spectra.
The reactions carried out under the various gases and 
in different solvents always resulted in the appearance of 
a peak in the infrared spectra at ca 1725 cm’1 (Figures 
8.4-8.9). Attempts to explain this peak failed because no 
pure products were isolated. The source of the peak is 
soluble in hexane, because the peak is not present in the 
spectra of the grey residues after extraction with hexane.
It has been reported147 that [ VC12 (dmpe) 2 ] in thf does 
not react with dinitrogen under pressure in the presence 
of sodium amalgam. However, when this reaction was 
repeated, a peak was found at 1740 cm"1 in the spectra of 
the green oil and the white oil (p 171, Figures 8.8a, 
8.8b), although not in the spectrum of the white solid 
eventually isolated. This solid was obtained after 
several treatments and could be a decomposition product. 
Thus a reaction occurs with both [VCl2(dmpe)2] and 
[VCl2(depe)2] to give materials with an infrared 
absorption at ca 1740 cm"1.
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Figure 8.12) IR Spectrum of Brown Crystals
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A reaction was set up with [VCl2(dmpe)2] in thf under 
6 atm of dinitrogen to see if the products required 
reduction, or were due to a reaction under pressure, 
possibly the formation of a vanadium(II) dinitrogen 
complex although this seemed unlikely because the 
[VCl2(dmpe)2] is prepared in nitrogen. The purple product 
once more had a peak at 1740 cm"1, but lack of time has 
prevented further investigation.
Conclusions
There is a reaction between [VCl2(depe)2], sodium 
amalgam and CO, which from infrared evidence produces a 
carbonyl complex, possibly the vanadium(O) complex 
[V(CO)2(depe)2] analogous to [V(CO)2(dmpe)2]147. Attempts to 
isolate a solid have failed. Reactions took place in the 
other experiments, but the products defied 
characterisation.
5) Reduction of [VCl2(depe)2] by 3 equivalents of sodium
naphthalene under carbon monoxide (1 atm pressure)
[VCl2(depe)2] (1.53 g, 2.86 mmol) was dissolved in 
thf (70 cm3) to give a deep purple solution. This was 
cooled to -80 °C in a liquid nitrogen/I.M.S bath and a 
green solution of sodium naphthalene in thf (86 cm3, 8.59 
mmol) added. Then the reaction flask was filled with CO 
and the brown reaction mixture was allowed to warm to room 
temperature, with stirring. After 24 h a reddish brown
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solution was obtained. The solvent was removed in vacuo 
and the excess naphthalene sublimed off at 25 °C in vacuo. 
The brown residue was extracted with diethyl ether 
(200 cm3), with gentle heating, to give a brown solution. 
This was filtered and placed at -20 °C. After 12 h, brown 
crystals separated which were filtered off and dried in 
vacuo. Anal, found, C, 45.3, H, 9.3%. Three calculated 
values are [V(CO)2(depe)2] C, 50.9, H, 9.3 [VCl(CO)(depe)2] 
C, 47.9, H, 9.2 and [VH(C10H7) (CO) (depe)2] C, 60.1, H,
9.1%.
Results and Discussion
From the microanalyses and infrared spectrum (Figure 
8.12) it is clear that [V(CO)2(depe)2] has not been 
isolated. The infrared spectrum of the brown crystals 
shows the presence of CO, though the bands are weak and 
are at low wavenumbers (1810 and 1800 cm"1) for a metal 
carbonyl complex with terminal CO. There is also a peak 
at 310 cm"1 which may indicate the presence of a V-Cl 
bond. The product might be a vanadium(I) complex; eg 
[VCl(CO) (depe)2], which fits the microanalyses best. 
However, there are significant absorption bands in the 
infrared spectra ca 1730 cm"1 which cannot be explained by 
the above formula and are similar to those observed 
previously for the products of the sodium amalgam 
reductions.
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Table 8.2
NMR Data for Brown Solid
S /ppm Solvent Assignment
lE
7.5br thf (d8) aromatic - C10H8
1.4, 1.3, 1.1 c6d6 alkyl
1.0, 0.8
-11.0, -17.5 thf (d8) hydride
3ip
-50, -70 thf (d8) P-V coupling
-160 free depe
51y
-650(quintet) thf (d8) V-P coupling
The NMR data (Table 8.2) did not give clear 
structural information. The appearance of both alkyl and 
aromatic signals in the XH NMR spectrum suggests that the 
complex may contain naphthalene or a naphthyl ligand as 
well as depe.
The incorporation of the naphthyl group into a 
coordination complex has been observed149' 150 with iron, 
ruthenium and osmium compounds and was accompanied by the 
formation of the metal hydride. Possibly, a V-H group is 
responsible for the IR band at ca 1730 cm"1 and the NMR
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signals at -11 ppm and -17.5 ppm. However, the 51V signal 
does not change upon proton decoupling as it should if a 
V-H group is present. Another explanation is that these 
two NMR signals are alkyl resonances shifted by the 
paramagnetic centre. The vanadium is coupled to 
phosphorus, thus confirming the presence of coordinated 
depe.
It was observed that the position of the quintet 
signal in the 51V spectrum changed with temperature 
(60 °C, -650 ppm and -85 °C, -790 ppm). The reason for 
this is not known.
The reaction between [VCl2(depe)2] and sodium 
naphthalene under CO is clearly not a simple reduction to 
[V(CO)2(depe)2], and further work is required to 
characterise the crystalline product. Unfortunately, the 
crystals were unsuitable for X-ray investigation.
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CHAPTER 9
Oxidations of Vanadium(II)-Tertiary Diphosphines
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Introduction
As has been described earlier, attempts to prepare 
vanadium(III)-tertiary diphosphine complexes such as 
[VCl3(dmpe)] by direct reaction between [VCl3(thf)3] and 
dmpe did not meet with success. Therefore oxidations of 
the corresponding vanadium(II) complexes by chlorine or 
bromine were tried.
Experimental »
1) Reaction of chlorine with [VCl2(dmpe)2] in 
dichloromethane
a) [VCl2(dmpe)2] (0.49 g) was dissolved in 
dichloromethane (100 cm3) to give a deep purple solution, 
and as dichlorine was bubbled slowly through the solution 
over fifteen minutes several changes were observed. A 
white precipitate separated from the purple solution which 
turned blue-green. Finally a red-brown precipitate 
suspended in a blue-green solution was obtained. The gas 
flow was stopped and the red brown solid (A) was filtered 
off and dried in vacuo. (A) is air sensitive and 
hygroscopic, turning light turquoise on exposure to air. 
Its reflectance spectrum contains bands at 21300 cm"1 and 
at 27600 cm"1.
b) [VCl2(dmpe)2] (0.41 g, 0.97 mmol) was dissolved in
dichloromethane (100 cm3) to give a purple solution. Then 
Cl2 as a solution in dichloromethane was added until a
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clear, colourless solution and a white precipitate (B) 
were obtained. (B) was filtered off and dried in vacuo. 
This solid is air sensitive turning brown on exposure to 
air.
c) [VCl2(dmpe)2] (0.47 g, 1.11 mmol) was dissolved in 
dichloromethane (100 cm3) to give a purple solution. Cl2 
was then passed through until a turquoise precipitate and 
solution were obtained. The precipitate (C) was filtered 
off and on drying in vacuo became purple.
Table 9.1
Analytical Data*, Cl2/[VCl2(dmpe)2] Reactions
Product C% H%
A 21.4 4.8
B 25.3 6.9
C 23.3 5.9
[VCl2(dmpe)2]Cl (31.5) (7.1)
[VCl3(dmpe) ] (23.5) (5.3)
[ VC12 (dmpe) 2 ] Cl2 (29.2) (6.5)
[VCl4(dmpe) ] (21.0) (6.5)
[VCl2(dmpe)2]Cl3 (27.3) (6.1)
[VCl5(dmpe) ] (19.1) (4.3)
* Calculated values in parentheses
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2) Reaction of chlorine with [VCl2(depe)2] in dichloromethane
a) [VCl2(depe)2] (0.47 g) was dissolved in dichloromethane 
(100 cm3) to give a purple solution. Cl2 was slowly 
bubbled through this solution until no further changes 
were observed. The solution changed from purple to green 
to golden brown. Then a white precipitate separated which 
became purple then brick red and finally dark maroon/brown 
(D). (D) was filtered off and dried in vacuo. (D) is air 
sensitive, turning light blue green on exposure to air.
b) [VCl2(depe)2] (0.82 g) was dissolved in
dichloromethane (100 cm3) to give a purple solution. Cl2 
was passed through this solution until a purple solid and 
lilac suspension were obtained. On filtration a lilac 
solid was obtained which turned brick red overnight (E2).
A purple oil remained in the reaction vessel, which on 
drying became a crystalline solid (El). Both solids are
air-sensitive and turned light turquoise on exposure to
air.
c) [VCl2(depe)2] (0.37 g) was dissolved in
dichloromethane (100 cm3) to give a purple solution 
through which Cl2 was bubbled until a purple oil separated 
out. The lilac solution was decanted off, leaving the 
purple oil, which, on drying in vacuo, gave a purple 
crystalline solid (F).
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d) Cl2 was passed through a purple solution of 
[VCl2(depe)2] (0.55 g) in dichloromethane (100 cm3) until a 
golden brown solution was obtained. The solution was 
concentrated in vacuo to 20 cm3 and then placed at -20°C 
for 12 h. There was no precipitation and the solvent was 
removed in vacuo to yield an air-stable yellow brown solid 
(G).
Table 9.2 
Analytical Data*, Cl2/[VCl2(depe)2]
Product C% H%
D 24.3 4.9
El 26.5 5.6
E2 32.8 7.0
F 28.7 5.9
G 37.1 7.83
H 24.8 5.0
[VCl2(depe)2]Cl (42.2) (8.5)
[VCl3(depe) ] (33.0) (6.7)
[ VC12 (depe) 2 ] Cl2 (39.7) (8.0)
[VCl4(depe) ] (30.1) (6.2)
[VCl2(depe)2]Cl3 (37.5) (7.6)
[VCl5(depe) ] (27.7) (5.6)
* Calculated values in parentheses
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e) [VCl2(depe)2] (0.54 g) was dissolved in 
dichloromethane (100 cm3) to give a purple solution 
through which Cl2 was bubbled until a dark red-purple 
solid precipitated out. This was filtered off and dried 
in vacuo (H).
3) Reaction of [VBr2(dmpe)2] with bromine in 
dichloromethane
a) [VBr2(dmpe)2] (0.32 g) was dissolved in 
dichloromethane (100 cm3) to give a purple solution. Br2 
in dichloromethane (from a stock solution of
5.12 cm3/15.9 g Br2 in 200 cm3 dichloromethane) was added 
until no further changes were observed. The solution 
changed from purple to brown green. Then a green-brown 
precipitate separated which became yellow-brown then dark 
green and finally a yellow-brown solid (I) suspended in a 
dark green solution. (I) was filtered off and dried in 
vacuo. (I) appears to be air stable.
b) [VBr2(dmpe)2] (0.82 g) was dissolved in 
dichloromethane (100 cm3) to give a purple solution. Br2 
(in dichloromethane) was then added until a golden brown 
solution and precipitate were obtained. A yellow solid 
was obtained on filtration (Jl) and dried in vacuo. On 
concentration, in vacuo, to 20 cm3 the yellow-brown 
filtrate changed colour to green brown. This solution was 
placed at -20 °C and after several days, green crystals 
(J2) separated out. These were filtered off and dried in 
vacuo.
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Table 9.3
Analytical Data*, Br2/[VBr2(dmpe)2] Reactions
Product C% H%
I 12.7 3.0
J1 22.8 5.9
J2 20.5 4.5
[VBr2(dmpe)2]Br (24.4) (5.5)
[VBr3(dmpe) ] (16.5) (3.7)
[VBr2(dmpe)2]Br2 (21.5) (4.8)
[VBr4(dmpe) ] (13.8) (3.1)
[VBr2(dmpe)2]Br3 (19.2) (4.3)
[VBr*5(dmpe) ] (12.0) (2.7)
* Calculated values in parentheses
4) Reaction of [VBr2(depe)2] with bromine in 
dichloromethane
a) [VBr2(depe)2] (0.2 g) was dissolved in 
dichloromethane (100 cm3) to give a purple solution. Br2 
in dichloromethane was added until no further changes were 
observed. The solution changed from purple to brown 
green. Then a dark green precipitate separated which 
became a brown oil and the solution turned green. The 
solution was filtered, yielding a dark green solid (K).
(K) is air sensitive turning turquoise in air.
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Table 9.4
Analytical Data*, Br2/ [VBr2(depe)2] Reactions
Product C% H%
K 17.9 4.0
[VBr2(depe)2]Br (34.2) (6.9)
[ VBr3 (depe) ] (24.2) (4.9)
[VBr2(depe)2]Br2 (30.7) (6.2)
[VBr4(depe) ] (20.8) (4.2)
[VBr2(depe)2]Br3 (27.8) (5.6)
[VBr5(depe)) (18.3) (3.7)
* Calculated values in parentheses
5) Reaction between [VBr2(depe)2] and N-Bromosuccinimide
[VBr2(depe)2] (0.41 g, 0.658 mmol) was dissolved in 
dichloromethane (40 cm3) to give a purple solution. On 
addition of N-bromosuccinimide (0.11 g, 0.658 mmol) in 
dichloromethane (5 cm3), a brown solution was obtained and 
after 15 minutes a precipitate formed. After standing 
overnight the solution was filtered and the precipitate 
discarded. The filtrate was evaporated to dryness in 
vacuo to yield a dark green brown solid. Found; C = 44.6, 
H = 7.9%.
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Results and Discussion
From the above observations it can be seen that a 
variety of reactions occurred. Unfortunately, the 
analyses do not match the theoretical values of possible 
products (Table 9.1-9.4). The infrared spectra in many 
cases, are similar and do not differ greatly from those of 
the starting compounds.
It was, however, possible to identify the solid (A) 
from the reaction between Cl2 and [VCl2(dmpe)2] as 
[VCl4(dmpe)]. Magnetochemical investigations confirmed 
the oxidation state as (IV), with^.££ values close to the 
spin only moment of 1,1 expected for a d1 ion. The 
reflectance spectrum contains bands attributable to the 
transition 2T2 g -> 2Eg, and is similar to that of 
[Ti(H20 )6]3+ which is also a d1 ion152. Attempts to prepare 
the corresponding depe complex failed.
There was little or no control over the oxidation 
process when the gas was bubbled through the reaction 
solution. Attempts to regulate the oxidation either by 
the addition of a solution of Cl2 in dichloromethane or an 
oxidising agent such as N-bromosuccinimide did not solve 
the problem.
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